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THE USE OF SYNTHETIC APERTURE RADAR TO DETECT AND CHART
SUBMERGED NAVIGATION HAZARDS

m1
INTRODUCTION

This report presents the results of a continuation of a previous

study conducted for the Defense Mapping Agency (Kasischke, et al.,

1980). The purpose of this study was to evaluate in greater detail

the usefulness of information obtainable from synthetic aperture

radar (SAR) data as it relates to locating and mapping features in

coastal and deep water areas which might be hazardous to ship navi-

gation. The study was carried out through an examination of data

collected by the Seasat satellite over oceanic areas where potential

submerged hazards exist.

The Seasat SAR operates at a radar wavelength (23.5 cm) that does

not significantly penetrate the water surface. Thus, the subsurface-

related patterns recorded on the SAR image are the result of a hydro-

dynamic interaction between a variety of oceanic processes (currents,

waves, tides, etc.), atmospheric processes (wind, rain, etc.), bot-

tom features (topographic irregularities), and man-made structures

(ships and buoys), that perturbs the surface gravity wave fields and

particularly the small scale ocean ultra-gravity waves.

* This investigation supports the goals of the Defense Mapping

Agency with respect to the utilization of remotely sensed data.

Their goals are threefold: (1) to identify submerged features which

are potentially hazardous to surface navigation: (2) to accurately

* locate these hazardous submerged features on either a relative or

absolute coordinate system: and (3) to update the depth soundings on

existing hydrographic charts. The last goal requires a basic re-

search commitment and is beyond the scope of the present

* investigation.

0
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r ~ R In order to fulfill the objectives of this study, the investi-

gation was divided into three primary research activities. These

three reseach activities included: (1) a broad survey of Seasat

imagery to identify depth-related SAR image features, (2) a multi-

temporal study involving multiple date data acquisitions over the

same geographical area, and (3) a multi-sensor study involving a com-

- -parison of Seasat with other remote sensor data. These three re-

search activities are presented as chapters in this report. Addi-

- .tional sub-tasks were carried out to support these investigations,

including the acquisition of ancillary environmental data and the

development of techniques for the radiometric and geometric cor-

rection of Seasat SAR data.

This report is organized into seven chapters including this

introduction, an executive summary, and a background section con-

taining an overview of SAR-observed subsurface and surface oceanog-

raphic phenomena as well as basic SAR sensor theory. Chapters 4, 5,

and 6 describe the three main research activities conducted during

this investigation as outlined above, and the final chapter presents

the conclusions of this study and recommendations for further in-

vestigations.

0 2
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2
EXECUTIVE SUMMARY

A variety of remote sensing techniques have been studied over

the past decade to calculate their potential for providing infor-

mation for updating navigation charts. The present study considered

data collected by the Seasat imaging synthetic aperture radar for

this purpose. A synthetic aperture radar (SAR) differs from optical

remote sensors (i.e., photographic systems and multispectral scan-

ners) in that it provides its own source of illumination in the

microwave region of the electromagnetic spectrum. Imaging synthetic

aperture radars today typically operate at wavelengths between 1 cm

and 24 cm.

The electromagnetic energy emitted by a SAR does not penetrate

appreciably into the water surface, thus the surface expressions of

bathymetric features observed on the SAR are caused by a hydrodynamic

interaction between the bottom feature and short wavelength, wind

driven surface waves. The bathymetric related phenomena observed by

a SAR can be classified into five categories:

1. A change in direction and wavelength of ocean swell as it

enters shallow coastal regions;

?. A change in radar backscatter that is associated with a cur-

rent flowing over a shallow water (<50 m) bottom feature;

3. A change in radar backscatter that is associated with an

ocean swell propagating over a distinct depth discontinuity:

4. Classic internal wave patterns occurring over continental

shelf regions: and

5. Anomalous SAR backscatter signatures found in deep (>200 m)

ocean regions over topographic features (such as guyots and

submarine ridges) on the ocean floor.

3
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The first case (the change in direction and wavelength of ocean

swell) was not within the scope of this study, but has been exten-

sively analyzed elsewhere (e.g., Kasischke, et al., 1981). As gra-

vity waves enter shallow coastal waters, the wavelengths and direc-

tions of the waves begin to change due to interactions with the bot-

tom. The amount the wavelength and direction changes is proportional

to the depth of the water at a given point: therefore, by measuring

the change in wavelength and/or direction from SAR imagery, an in-

direct measure of water depth can be obtained. Figure 1 shows a plot

of water depths calculated using estimates of wavelength obtained

from Seasat SAR imagery versus water depths obtained from a hydro-

graphic survey (after Kasischke, et al., 1981).

Figure 2 illustrates the case where a current is flowing over a

shallow water bottom feature. In this example, a strong current (in

excess of 2 knots) is flowing from north to south over the sand banks

in the center of the English Channel. The sand banks in this area

are approximately 30 meters high and extend to within 10 meters of

the water surface.

Figure 3 presents an example where a change in radar backscatter

is associated with an ocean swell propagating over a distinct depth

discontinuity (the barrier reef surrounding the islands of Bermuda).

The exact cause of this particular type of surface anomaly has yet

to be determined. The prevailing theory to explain this phenomenon

is based on a non-linear interaction between the gravity wave and

the small capillary waves as the gravity wave propagates onto an

abruptly changing bottom. In the above example, there exists a bot-

tom morphology with a very abrupt change in water depth.
4

An example of internal waves observed on Seasat SAR imagery over

a contin .tal shelf area is presented in Figure 4. The cause of

these internal waves has been attributed to tidal forcing. As a

4 4
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tide flows on or off the continental shelf, an internal wave may be

generated along the thermocline. The exact reason for their appear-

. -ance on SAR imagery has yet to be determined, but it appears to be

related to either the formation of a surface slick which dampens the

small scale surface capillary waves or a non-linear interaction be-

tween the short period capillary waves and the long period internal

waves resulting in a change in surface roughness.

g An example of an anomalous SAR backscatter signature found in a

deep-water region is presented in Figure 5. This "internal wavelike"

structure occurred over the Wyville-Thomson Ridge, which rises to

600 meters in height above the surrounding 1200 meter deep ocean

floor and is located northwest of Scotland in the North Atlantic.

These deep-water signatures are not always internal wave-like, but

can also resemble a frontal boundary. Figure 6 presents an example

of an apparent frontal boundary observed on Seasat SAR imagery col-

lected during Revolution 762 on 19 August 1978 at approximately 06:40

GMT. The curved, dark line beginning at A4 and continuing to B9 is

believed to be a surface pattern caused by a frontal boundary. Its

location appears to be in an area where the bottom is rising from

the Faeroe Bank Channel to the Faeroe Shelf, over an area with a

water depth between 600 and 1000 meters.

The suspected cause of these deep-water signatures is an inter-

action between a tidal driven current and large topographic features

* (such as underwater seamounts, ridges, and the edges of continental

shelfs). The deep-water flow over these features may cause a variety

of perturbations of the upper ocean layer, including deformation of

the thermocline, the generation and propagation of Lee waves, and

* the formation of Taylor column type flows.

It is generally accepted that the scattering of microwave energy

is a Bragg resonance phenomenon, thus making the received radar image

particularly sensitive to capillary and short ultra-gravity surface

waves. It is the alteration of these short surface aves which

0 9
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allows the SAR to detect surface manifestations of physical oceanic

processes. To illustrate this concept, an example will be presented.

Figure 7 presents a scenario where a tidal driven current is

flowing over a shallow-water bottom feature. Whether or not the SAR

will "detect" the bottom feature and what type of SAR signature it

will be (i.e., a decrease or increase in radar backscatter) depends

on several factors, which include the depth of the feature, the cur-

rent speed and direction, and the wind speed and direction, as well

as the radar geometry. Figure 7 illustrates a situation where the

surface capillary waves and current are traveling in the same direc-

tion. In this case, the increase in current velocity over the bottom

feature causes a "stretching out" of the surface capillary waves,

resulting in a decrease in radar backscatter due to the decrease in

the amplitude of the Bragg scatterers in this region. If there is a

large enough wind component in the same direction, the waves may be

regenerated in this region and the wave amplitude "overshoot" in the

convergence zone behind the bottom feature. This results in a banded

appearance with a dark region on one side of the feature and d bright

region on the other side. Essentially the same pattern results if

the wind and waves are in the opposite direction to the current.

Waves approaching from the left in Figure 7 are increased in ampli-

tude in the convergence zone, decay toward their equilibrium state,

and fall below their equilibrium amplitude in the divergence zone to

the right of the bottom features.

During the present study, a total of nine test sites were exam-

ined using Seasat SAR imagery collected during 35 separate orbits.

Of the nine test sites, eight were shallow-water test sites and one

was a deep-water test site. The deep-water test site, located in

the northeast Atlantic, actually contained seventeen distinct bottom

topographic features.

1
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1! The selected test sites were examined using three techniques:

(I) broad survey studies; (2) multi-temporal analyses: and (3) multi-

sensor analyses. The broad survey studies were conducted to further

document the occurrence of bottom-related surface patterns on Seasat

SAR imagery. The multi-temporal analyses were intended to determine

how often bottom-related surface signatures appeared on Seasat SAR

imagery in a given area and also, when coupled with ancillary envi-

ronmental data, to begin to define the limitations of using space-

borne SAR imagery to detect bottom features. Finally, a multi-sensor

analysis was conducted to compare the relative utility of Seasat SAR

imagery to Landsat and Skylab imagery.

The broad survey studies continued to document the occurrence of

bottom-related surface signatures. Of the six new, shallow-water

test sites, five contained bottom-related surface signatures (Ber-

muda, Cook Inlet (Alaska), Haiti, Sula Sgeir and the Tongue of the

Ocean) and one contained a false alarm (Mississippi River Delta).

In addition, an assessment of the Seasat SAR's ability to detect

shipwrecks and buoys in the English Channel was conducted. The broad

survey of the deep-water test site revealed numerous examples of

bottom-related surface signatures. These signatures were of two

types: internal waves and frontal boundaries.

Multi-temporal analyses were conducted on three test sites: The

English Channel, the Tongue of the Ocean and the JASIN test area in

*the northeast Atlantic Ocean.

The analysis of four different sets of Seasat imagery collected

over the English Channel showed that a distinct surface pattern

occurred 50 percent of the time over the two major sand banks in this

area. The smaller banks and sand ridges in this area were imaged

only 25 percent of the time. Comparison of the Seasat SAR imagery

to ancillary environmental data indicates the appearance of the SAR

signatures is dependent on the water depth above the feature, the

current speed, and the wind velocity. Implementation of a

14
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hydrodynamic/electromagnetic model developed earlier (Shuchman, 1982)

was verified using the English Channel Seasat data.

The analysis of twelve different sets of Seasat imagery collected

over the Tongue of the Ocean (TOTO) showed that a distinct, bottom-

related surface pattern occurred over the tidal bar belts in this

area 90 percent of the time. The edge of the Great Bahama Bank was

imaged between 50 and 80 percent of the time, depending on location.

i The degree of detectability of these features was shown to be related

to water depth and tidal current velocity. The tonal patterns

associated with these features were shown to be dependent on the

tidal current direction (i.e., ebb or flow).

ISeasat SAR imagery collected on fifteen different occasions over

seventeen distinct deep-water bottom features in the two northeast

Atlantic were examined during the present study. Internal wave pat-

terns appeared 63 percent of the time the Seasat SAR passed over or

near a deep-water feature. In the northeast Atlantic, at no time

did an internal wave pattern occur over a deep water basin. A

frontal boundary occurred 38 percent of the time the Seasat SAR

passed over or near a deep-water feature. The frontal boundaries

did not appear to be as closely associated with the bottom features

as the internal waves. Each of the seventeen deep-water bottom

features were "detected" at least once, during the fifteen Seasat

orbits, by an internal wave pattern.

6 In the shallow-water test sites studied, the appearance of sur-

face patterns on SAR imagery over the same bottom feature is usually

quite similar and in the same location on different Seasat passes,

and thus can be used to map the location of these bottom features.
For sand banks and ridges, SAR imagery can often be used to map the

small scale structure of these features.

15I
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CAlthough internal wave and frontal boundary patterns in deep

water areas indicate the presence of a bottom feature, at this time

they cannot be used to indicate what that feature is or determine

the exact shape or location of that feature. The probability of such

a pattern being present on two successive passes is high for certain

features (such as seamounts, ridges and shelfs), but the chances are

low that these patterns will be in exactly the same location or that

they will have the same appearance.

A multi-sensor study was also carried out, in which data from

Seasat, Landsat, and Skylab were compared with digital depth data

(obtained from the National Ocean Survey) for the Nantucket Shoals

area. Seasat and Landsat data were co-registered with the depth data
and detailed statistical comparisons were made to determine the

positional accuracy of the depth-related image features, and the

degree of correlation between the water depth and the image bright-

ness. The result of this comparison was that for relatively large

features, the Seasat and Landsat data are both highly correlated with

the depth on a local basis, if allowance is made for a horizontal

shift between the images and the depth data. The rms shift between
the point of minimum depth and the location of maximum signal on both

the Seasat and Landsat data was found to be approximately 500 meters.

The higher spatial resolution of Seasat allows the imaging of

small-scale bottom features, such as transverse sand waves, which

are not imaged by Landsat. Examination of Skylab photography also
shows that the appearance of depth-related surface features in visi-

ble imagery is highly dependent on the look direction relative to

the solar azimuth. Essentially, the Skylab data appear to indicate

that the view azimuth and solar azimuth must be within about 450 of

each other in order to observe the surface patterns with a visible

sensor. Thus, a fortuitous combination of sun angles and orbital

paths are required for these features to be imaged by Landsat.

16
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3

BACKGROUND

This chapter presents a description of the Seasat SAR system,

reviews the basic principles involved in SAR imaging of the ocean

surface, and summarizes the mechanisms responsible for the appearance

of bathymetric-related features in the SAR imagery.

*i 3.1 SEASAT SAR BACKGROUND

The data to be presented in this report were collected by the

Seasat satellite. Among the instrumentation carried by Seasat, which

*was launched during June of 1978, was a synthetic aperture radar

(SAR). This satellite collected over 500 passes of SAR data before

suffering a catastrophic power loss in October of 1978. The SAR on-

board Seasat was an L-band (23.5 cm wavelength) radar. It collected

25 x 25 meter resolution imagery with a ground swath-width of 100 km

and a lpngth of up to 4000 km, and viewed the surface of the earth

with an average incident angle of 200. For a detailed discussion of

the Seasat SAR, see Jordan (1980).

An imaging radar such as the Seasat SAR is an active device that

senses the environment with short wavelength electromagnetic waves.

As an active sensor, the Seasat SAR provided its own illumination in

the microwave region of the electromagnetic spectrum and thus was

ke not affected by diurnal changes in emitted or reflected radiation

from the earth's surface.

Side-looking radars such as the Seasat SAR use pulse ranging,

whereby the radar antenna attached to a moving platform illuminates

a section of the ground and the amplitude, and the phase and polari-

zation of the returned echoes are processed to determine the distance

to the scene and to obtain the measure of relative strength of the

return (,o). In real-aperture systems, the resolution in azimuth

is limited by the beamwidth (i.e., the physical length) of the

17

L



"RIM RADAR AND OPTICS DIVISION

antenna. Since resolution decreases with range for such systems,

operation at spacecraft altitudes is not possible with real-aperture

radars.

Synthetic aperture radar is a coherent radar that uses the motion

of a moderately broad physical antenna beam to synthesize a very

narrow beam, thus providing fine azimuthal (along-track) resolution

(Brown and Porcello, 1969; Harger, 1970). Fine range (cross-track)

resolution is achieved by transmitting either very short pulses or

longer coded pulses which are compressed by matched-filtering tech-

niques into equivalent short pulses. Usually, the coded pulse is a

waveform linearly modulated in frequency.

Historically, in SAR systems, the phase history of a scattering

point in the scene is recorded on photographic film as an anamorphic

(astigmatic) Fresnel zone plate. The parameters of the zone plate

are set in the azimuth direction by the Doppler frequencies produced

by the relative motion between the sensor and the point scatterer,

and in the range direction by the structure of the transmitted

pulses. The film image is a collection of superimposed zone plates

representing the collection of point scatterers in the scene. This

film is used by a coherent optical processor (a set of spherical and

cylindrical Fourier transform lenses) which focuses the anamorphic

zone plates into the points which produced the microwave scatter of

the scene (Kozma, et al., 1972).

* Recently, SAR systems have employed digital techniques to both

record and process the data. Digital processing typically uses

matched filtering techniques to "dechirp" the signal in range, while

Fast Fourier Transform (FFT) techniques achieve the required azi-

e muthal compression of the SAR Doppler history (Ausherman, 1980).

After appropriate system corrections, digital data have better geo-

metric and radiometric fidelity than optical data and are subject to

fewer image processing artifacts such as noise streaks. Additio-

nally, digital data recorded in square root mode can store 40 dB

18
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worth of information. In contrast, an optical SAR image has only an

18 dB dynamic range. A disadvantage of digital SAR data is that

processing algorithms are quite slow, particularly when one-look

(full resolution) data are required. Due to long processing times

(originally, 8 hours for a 100 x 100 km Seasat scene, which has now

been reduced to 2 to 3 hours), a limited amount of digital Seasat

SAR data exists. The optical processing time for a 100 x 100 km

scene is approximately one minute, excluding set-up or film

Udevelopment.
The Seasat SAR's 99 day mission and sensor description is best

summarized by Beal, et al. (1981). Specific parameters of the Seasat

SAR system are presented in Table I, and the discussion at present

will be confined only to pertinent parameters of the Seasat SAR that

affect the detection of submerged hazards. The wavelength at which

the Seasat SAR system operates, 23.5 cm, does not penetrate more than

a few centimeters into the water surface. Therefore, the recorded

signal is primarily reflected from the water's surface and is a

function of the surface roughness, slope, and motion of the scat-

terers. The 23.5 cm wavelength will also determine the ocean wave-

length (Bragg wave) to which the SAR is most sensitive. The Bragg

ocean wavelength for resonance for the Seasat SAR parameters is

approximately 36 cm. Later in this discussion, the equation to pre-

dict this value from the radar wavelength and viewing angle (inci-

dent angle) will be presented. The bandwidth and incident angle,

given in Table 1, determine the ground range resolution. The range

to target, velocity, azimuth resolution and antenna dimensions are

information that can be utilized to determine the synthetic aperture

* length. Thus, this information indicates that in order to achieve

an azimuth resolution of 6.25 m on the ground, a synthetic aperture

length of approximately 16 km is required. Seasat (operating at an

800 km altitude) had an orbital speed of 7.8 km/s, and therefore

* required about two seconds to synthesize the required aperture (see

Jordan, 1980).
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TABLE 1
RADAR PARAMETERS OF THE SEASAT SYNTHETIC APERTURE RADAR (SAR)

Frequency 1274.8 MHz

Wavelength 23.5 cm (L-band)
Transmitted Bandwidth 19 MHz

Pulse Duration 33.8 psec
Pulse Time-Bandwidth Product 642

* Transmitter RF Power 800 W Peak - 46 W Average

Transmitter Type Solid-State Bipolar Transmitter

PRF 1647 Hz

Satellite Altitude -800 km

Nominal Range (200) -850 km
Antenna Beamwidth, Elevation -60

Antenna Beamwidth, Azimuth -1

Anterna Pointing Angle 19-25' off nadir, right side

Surface Resolution 25 m x 25 m (4 look data)
Slant Range Resolution 8 m
Azimuth Resolution (one look) 6.25 m

Inteqration Time: 0.5 to 2.5 sec depending on
resolution

Image Swath Width 100 km

lmaqe Lenqth 250 to 4000 km

Sensor Power 60 W, nominal operation

Satellite Velocity -7800 m/sec

20
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3.2 SAR IMAGING MECHANISM - AN INTRODUCTION

The principle in imaging any ocean surface with a radar is that

the backscatter of microwave energy (echo) received by the radar

contains information on the roughness characteristics (shapes, dimen-

sions and orientations) of the reflecting area. Parameters that in-

fluence the SAR image of the ocean surface include the motion of the

scattering surfaces, the so-called speckle effect, system resolution

and non-coherent integration as well as primary contributions attrib-

utable to the effect of wind, waves, surface currents and surface

tension. In addition, the orientation of ocean waves and the bottom

topographic feature with respect to the radar look direction are in-

fluencing factors. When attempting to understand the SAR ocean-

surface imaging mechanism, one must also consider factors pertaining

to wave orbital velocity, Bragg scatter velocity, long wave (greater

than 100 m) phase velocity and surface current velocity (Teleki, et

al., 1978).

Several scattering models exist that attempt to explain ocean

surface image formation with synthetic aperture radars. These models

are of two types: static models that depend on instantaneous surface

features, and dynamic models that employ surface scatterer veloc-

ities. Considerable debate exists on the limitations and applicabil-

ity of either model.

Three static models have been suggested to describe the radar
scattering of energy from large areas on the ocean surface. These

three scattering models include: (1) the quasi-specular model which

is most appropriate for small incident angles, (2) the Bragg-Rice

scattering model, which correlates well with experimental data for

incident angles between 200 amd 60, and (3) a Rayleigh scattering

model which is often used in terrestrial earth scattering calcu-

lations. There is general consensus within the radio-oceanography

scientific conmunity that a Bragg-Rice scattering theory best ex-
plained the Seasat SAR observed backscatter values obtained from the
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ocean surface. The Bragg-Rice scattering model is based on a well

known phenomena in the study of crystals, grating, and periodic

structures. If one considers the random ocean surface to be repre-

sented by a combination of periodic surfaces (i.e., spectrum), then

the spectrum region which satisfies the backscatter phase matching

condition will be the main contributor to the backscatter cross

section. Sometimes in the literature, this phase matching of the

small ocean Bragg waves with the radar electromagnetic energy is

termed a resonance phenomenon, more correctly stated, it should be
termed a constructive interference between the electromagnetic and

ocean waves.

Pioneering theoretical and experimental work by Wright (1966) at

the Naval Research Laboratory (NRL) demonstrated the general validity

of a Bragg scattering model for an ocean surface imaged by radar.

In a series of wave tank measurements using 3 and 25 cm wavelength

continuous wave (CW) Doppler radars, Wright (1966) demonstrated that

transmitted radar energy with wave number K interacts in a resonant

or interference fashion with ocean surface waves with wave number

K such that
w

Kw = 2K sin o, (1)

where Kw = 2,/L and K = 21T/x, L and x are the wavelengths of the

surface waves and the radar, respectively, and e is the incident

0 angle. Shuchman, et al. (1981) showed that a Bragg scattering equa-

tion also satisfactorily explained the radar backscatter return from

SAR using data collected during the Marineland experiment (Shemdin,

et al., 1980). It should be noted that radar data of large ocean
areas (1 x 1 kmn) were averaged in that analysis. Thus (based on the
above), the principal radar reflectivity mechanism of imaging ocean

surfaces is via the capillary and small gravity waves which produce

Bragg scattering (Raney and Shuchman, 1978).

22
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Changes in the amplitude of the Bragg waves result in a variety

of surface patterns on Seasat and airborne SAR imagery. Many of

these patterns are bathymetry-related, but a significant number

appear to have no relationship to the bathymetry. Examples of such

image features are presented in Appendix A. In order to effectively

separate the bottom related anomalies from the others, one must first

understand the dynamics of what causes the surface perturbations and

then infer why the SAR is imaging them. A discussion of the interac-

tions causing these perturbations is contained in the following

section.

3.3 EVIDENCE OF BOTTOM-RELATED SURFACE SIGNATURES OBSERVED ON SAR
IMAGERY

Recent studies at the Environmental Research Institute of

Michigan (Kasischke, et al., 1980; Shuchman and Kasischke, 1979;

Shuchman, et al., 1979; and Shuchman, 1982) have demonstrated the

potential of using SAR data in providing bathymetric information.

The aoals of these initial investigations were to evaluate the

potential of SARs to provide data for improving nautical chart pro-

ducts, primarily through the detection and location of submerged

features hazardous to navigation. As a result of these investi-

gations, five different physical oceanographic phenomena were iden-

tified as the agents responsible for the appearance of depth-related

features on SAR imagery.

The first type of regularly observed topographically related

ocean feature is that associated with changes in wavelength and

direction of ocean swell entering coastal regions. Analytical models

which incorporate these topographically induced changes in ocean sur-

face gravity wave propagation characteristics can be used to gain an

estimate of water depths in coastal regions. When a gravity wave

enters a shallow-water region from deep water, its wavelength and

direction change in direct proportion to the water depth. By measur-

ing the change in wavelength and!or direction, an estimate of the

23
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water depth can be obtained. Since a SAR can measure both ocean

wavelength and direction, this information can be used in a wave re-

fraction model to solve for depth to a first order (assuming no

strong non-linear interactions; see Arthur, et al., 1952: Wiegal,

1964,). This procedure was successfully demonstrated in studies by

Shuchman, et al. (1979); Shuchman and Kasischke (1981); and

Kasischke, et al. (1981).

* Utilizing linear wave theory and applying Snell's Law, relative

changes in wave phase speed are successively calculated relative to

a bathymetric grid. Hence, topographically induced changes in both

surface wavelength and direction are available at each grid location

as a function of water depth. The inverse mathematical problem can

then be solved utilizing these observed changes in surface wave prop-

agation characteristics and solving for the local water depth.

The second type of observed change in radar backscatter is asso-

ciated with an ocean swell propagating over a distinct topographic

irregulIrity in the sea bottom (see Figure 3). Rudimentary SAR/

oceanographic scattering theory indicates that the microwave energy

from the lr is heing reflected by the small capillary and ultra-

qravitv waves present at the ocean's surface. Capillary and ultra-

gravity waves have wavelengths between one and fifty centimeters and

their qenerating source is the wind. Any change in this small wave

structure ,jill alter the radar backscatter being received by the SAR.

When i gravity wave field c! )sses a sharp depth discontinuity, such

as a coral reef surrounding an island, trie structure of the gravity

wave is changed. The interaction between the changing gravity wave

field and the small capillary/ultra-gravity wave field is sufficient

to alter the small wave structure, and hence change the radar back-

scatter. Such a phenomenon was noted on SAR imagery of an island

area studied by Kasischke, et al. (1980.
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(73 The proposed hydrodynamic mechanism responsible for producing

the observed change in the small scale ocean surface roughness is as

follows. As the ocean gravity wave encounters an abrupt change in

the total water depth, the wave begins a transition from a deep to

eventually a shallow water wave. As this transformati'i proceeds,

the mass transport and horizontal particle velocity at the surface

increases thus straining the small scale surface roughness field and

producing a corresponding change in the received electromagnetic

U backscatter by the radar.

A third class of SAR-sensed surface signatures is produced by a

distinct change in radar backscatter which is associated with a

0 strong current flowing over a bottom feature (see Figure 2). Tidal

currents flowing over bottom features are often visible on SAR

imagery, as the increasing and decreasing of the current velocity

influences the surface small wave structure. This hydrodynamic

interaction is another means by which bottom hypsographic information

can he obtained from SAR data. Since its velocity and internal

structure is regulated by the bottom topography, the tidal current

will alter the ocean surface Bragg wave amplitude to which the SAR

is sensitive. The current's modulation of the ocean Bragg wave

amolitude enables successful SAR imaging of ocean bottom features in

shallow water.

Several researchers have reported surface signatures on radar
SIinagery which are the result of a current flowing over a bottom

feature. DeLoor and Brunsvw!t Van Hulten (1978) first described this

phenomenon ising real aperture radar imagery collected over the North

Sea. Isinq Seasat SAR imagery, Kenyon, et al. (1979) and Kasischke,

* et al. (1980) have reported detecting sand waves in the southeast

corner of the North Sea. McLeish, et al. (1981) reported on sand

waves detected on real aperture radar imagery collected off the Dutch

coast. Finally, Kasischke, et al. (1980) reported detecting said

0 waves and ridges in the Nantucket Shoals region off te Massachusetts
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coast. Current-induced features were studied in detail during the

*, present study using data over the English Channel, the Nantucket

Shoals, and the Tongue of the Ocean.

The fourth type of oceanographic phenomena observed on SAR

imagery are classic internal wave patterns over continental shelf

regions (see Figiure 4). Internal wave packets propagating either

shoreward or seaward over a continental shelf or slope region also

Uf provide a mechanism permitting SAR detection of changes in bottom

topoqraphy. The i-ternal wave energy field alters the small capil-
I,-v ind jltra-gravit3 'aves sufficiently so that the internal waves

arp V:,!iWf nn SAR imnaqery (Shuchman and Kasischke, 1979).

Since typical lenqth anil timp scales of .,ternal wave motions

are generally very long compared with those of qravity waves, deeper

oceanic topographic features can potentially ofh w;ncr, the irternal

wave propagation characteristics. Changes in the veli: iti

associated with the passage of internal waves over a bottom fedturp

tend to produce strong interactions with the small scale surface

roughness. These in turn can result in ocean surface conditions that

produce strong radar echoes. These strong wave/wave interactions

result because the small capillary and ultra-gravity waves (small

scale roughness) tend to possess characteristic group velocities com-

parable to the phase velocities of the internal waves.

The fifth and final form of bottom related radar signatur-s have

been termed anomalous SAR backscatter patterns (Figures 5 and 6)
These signatures are found in deep ocean regions over topographic

"bumps" in the bottom. These surface anomalies are of two types.

0 The first type is similar to an internal wave (but not as well

structured (into wave packets) and has been noticed on SAR images in

deep-water areas between major continental shelf boundaries (Shuchman

and Kasischke, 1979). The second type is a frontal boundary believed

to be the result of deep-water upwelling. One interesting aspect of

these surface anomalies is that in large part, they occur over major

submarine ridqrs or seamountc,.
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CIt appears that the hydrographic mechanism responsible for the

generation of an ocean surface velocity field of sufficient magnitude

to perturb the small scale surface roughness must result from a com-

plex interaction and combination of ocean dynamics throughout the

water column. In many deep ocean regions, tidal induced motions can

be the major cause of water movement. The disturbance of this flow

or any other deep ocean flow by large topographic features such as

submarine ridges or seamounts may cause a variety of perturbations

to the upper level of the water column. These perturbations include

deformation of the thermocline, the generation and propagation of

Lee waves, and the formation of Taylor column type flows. These

disturbances may then interact with the dynamics of the upper ocean.

Hence, it appears reasonable to assume that in the vicinity of these

deep ocean features, the small scale ocean surface roughness may be

altered. The deviation in roughness away from the mean (undisturbed)

state, if sufficient in magnitude, will produce a corresponding

variation in the recorded radar return.

27



LRIM RADAR AND OPTICS DIVISION

4
SURVEY OF SEASAT SAR IMAGERY

(Examples of Bottom Features and Navigation
Hazards Detectable on Seasat SAR Imagery)

The purpose of the analyses presented in this chapter is to fur-

ther document the occurrence of bottom-related surface signatures on

Seasat SAR imagery. The first section (4.1) of this chapter reviews

the data sets utilized throughout the remainder of the report. The

second section (4.2) discusses the analysis procedures utilized in
the broad surveys. Section 4.3 presents surveys of seven shallow-

water test sites and Section 4.4 presents surveys of five areas with-

* in the deep-water test site.

4.1 DATA SETS

The primary data source for this analysis was radar backscatter
intensities recorded on Seasat SAR data. The data were of two types:

(1) optic-ally processed imagery: and (2) digitally processed imagery.

To better understand the difference between these two data types, a

review of how data from the Seasat SAR system are processed will be
pre sented. During the collection of SAP data, the Seasat system was

activated by a signal transmitted from a ground receiving station.
Once turned on, the Seasat SAR imaged a ground swath with a width of

100 kilometers and a length up to 4000 kilometers. Because of the

0 data storage constraints onboard the Seasat satellite, the received
radar echo data from a given pass were transmitted via a dedicated

20 MHz analog data link to the ground for recording on high density

digital tapes. Since the SAR was only operated in view of five re-

cording stations (ULA-Alaska: MIL-Florida; GDS-California; LJKO-

Fnqland: and SNF-Newfoundland, Canada), the radar imagery coverage
*--,s-icted to those corresponding areas in the Northern Hemi-

0in these tapes were processed in one of two ways.
i

*_ "



L

LEI RADAR AND OPTICS DIVISION

photographic film. This "signal" film was then optically processed

to produce a SAR image. The second method used was to digitally

process the data from the high density tape.

The output products from optically processing the SAR signal

histories consist of four 70-mm wide film transparencies which con-

tain the entire length of the pass. Each of the four sub-swaths of

the SAR imagery contains a 30 kilometer wide swath of data. There

qare two sources for optically processed imagery, both of which were

used as a data source for this study. The Jet Propulsion Laboratory

(JPL) produces Seasat SAR imagery with a scale factor of 1:500,000

and a ground resolution of approximately 40 meters. ERIM produces

iSeasat SAR imagery which has a scale factor of 1:700,000 with a

ground resolution of 25 meters. Both of these optically processed

output images have been geometrically corrected.

There are several sources for digitally processed Seasat SAR

rc imagery. JPL" MacDonald, Dettwiler and Associates, of Richmond, B.C.

(Canada); DFVLR (West Germany); and the Royal Air Force Establishment

(United Kingdom). JPL digitally processed data were used in this

study. The JPL digital data are available on computer compatible

tapes (CCTs). Each CCT contains a single 100 by 100 kilometer scene

of data. The data are processed to a 25 meter (4-look) resolution

but have not been geometrically corrected. In the analysis discussed

in this chapter, film transparencies generated from the CCTs were
4 used. For a further discussion of the advantages and disadvantages

of Seasat SAR data products, the reader is referred to Kasischke, et

al. '1980).

For the various analyses (i.e., broad survey, multi-temporal, and

multi-sensor) performed under this contract, nine different test

sites were considered using SAR imagery from 35 different Seasat or-

hits. The test sites are presented in Figure 8 and Table 2. Sum-

mnarized in Tihle ? are: each test site, its location, the Seasat
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orbit(s) which covered that test site (and were used in this study),

.the date, time and heading of each orbit, the bottom feature being

considered in each orbit, the type of analysis performed for each

orbit, and the section of the report where that analysis is

presented.

Other remotely sensed data presented in this report include data

collected by Landsat and Skylab. Digital Landsat data obtained from

rg the EROS data center were used during the multi-sensor analysis

(Chapter 6). Also used during this analysis was Skylab photography.

For each of the test sites considered, hydrographic charts were

obtained to determine the bottom topography. It is realized that
O hydrographic charts do not always give a totally accurate portrayal

of the deFrh soundings in an area, but it is felt they are sufficient

for the pirposes of the preliminary surveys being conducted for this

portion of the analysis. During further analysis of selected test

areas, where relative radar backscatter measurements are correlated

to depth readings, more accurate depth readincs were obtained. The

hydrographic charts used throughout this report were obtained from

the u.S. Defense Mapping Agency and the Institute of Oceanic Sciences

(United Kingdom).

The physical oceanic processes present at the time of a given

overpass were determined by compiling and analyzing all available

meteorological and oceanographic data from the area of interest.

These data were included in ship reports, tide tables, tidal current

charts, meteorological records, and tide gauge records, and were

typically obtained in summary form. The actual sources for these

0 edata were numerous and will be identified at the time the data are

presented.

4.2 ANALYSIS PROCEDURE FOR BROAD SURVEY

* eTo select the study sites presented in this chapter, two data

sources were reviewed. The first of these was Seasat SAR imagery

34
re



LRIM RADAR AND OPTICS DIVISION

processed by and archived at ERIM. The second source was the JPL
digital and optical data archived at NOAA's Environmental Data and

Information Service. After a review of the Seasat SAR imagery con-

* tained at each data library, nine test sites were selected for fur-

ther examination.

For each test site, photographs were generated from the SAR image

transparencies. From the hydrographic charts of the test sites,
clear cell reproductions, to the same scale as the photographs, were

1generated. By placing these clear cell overlays on the image, it

could be determined if the anomalous signature on the SAR image
* occurred over or near a distinct bottom feature or navigation hazard.

4 Once a correlation had been established between a bottom feature

and a SAR signature, an attempt was made to determine the cause.
This was done by compiling a set of ancillary environmental data in-

cluding tide stage, tidal currents, wind speed and direction, wave

conditions and general meteorological conditions. By reconstructing

the physical oceanic conditions present in the study area at the time

of the Seasat overpass, the cause of the anomalous surface signature

present on the SAR image could often be determined.

4.3 SHALLOW-WATER TEST SITES

The shallow-water test sites discussed in this section of the
repo-t include: the Tongue of the Ocean, Bermuda, Haiti, Cook Inlet

6 (Alaska), Sula Sgeir, the English Channel and the Mississippi River

Delta. The English Channel sand banks, as well as the Tongue of the

Ocean data, will be further discussed with respect to detection of

bathymetric features in Chapter 5, which presents the multi-temporal

analysis. The Nantucket Shoal test area, also a shallow water site,

will be presented in Chapter 6, which discusses the multi-sensor

analysis.

35
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In the remainder of this section, we have placed the SAR imagery

and the bathymetry from the same location on facing pages for each

test site presented (with the exception of the English Channel ship

wrecks data). For each image, the location of the bottom-related

surface patterns will be pointed out and the correlating bottom

feature identified. Then, all known ancillary environmental data

w*.ilI be summarized, and the responsible oceanic process causing the

q patterns discussed.

3
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*EXAMPLES OF SEASAT SAR

DETECTED SHALLOW WATER BOTTOM FEATURES
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~FIGURE 9. SEASAT SAR IMAGE OF TONGUE OF THE OCEAN. (Rev. 1411.
Optically Processed Image Courtesy of JPL.)

The Tongue of the Ocean (TOTO) is a large (approximately 30 by
120 kin) steep-walled channel within the Great Bahama Bank. The Ton-

~gue of the Ocean has a depth of well over 1300 meters, whereas the
Great Bahama Bank is generally no deeper than 6 meters. The Seasat
SAR imaged this part of the Caribbean on fifteen separate occasions.
An example of this imagery is presented in Figure 9 (Revolution 1411,
collected on 3 October 1978), and the hydrographic information for
this area is presented in Figure 10.

* Two bottom features are clearly in evidence on the SAR image.
The edge of the Great Bahama Bank (07 to Rl, N1 to N4, and L4 to D4)
is delineated by a continuous bright line in Figure 9, and the
position of this feature corresponds to the 200 meter contour in
Figure 10. The tidal bar belts which border the southern edge of
the TOTO (indicated by the 6 meter contour in Figure 10) are clearly

* reflected on the SAR image (R7 to Sl). The SAP surface patterns
associated with the tidal bar belts in Figure 9 have a banded
appearance, with a bright radar return along their western edge and
a dark return along their eastern edqe. These tidal bar belts are
sand ridges which have one to two meters of water over their crests
and are seven to nine meters deep in their troughs.

38
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FIGURE 10. MAJOR BOTTOM FEATURES OF THE TONGUE OF THE OCEAN
AND SAR GROUND TRACK OF SEASAT REV. 1411. (After
DMA Chart No. 26300.)

Weather records for this date indicate a light wind (2.5 m/s)
from the north. Tide tables (Kline, 1978) indicate the tidal stage
was three hours before low water, resulting in a tidal current flow-
ing off the Great Bahama Bank into the TOTO.

Of the possible physical oceanographic mechanisms responsible
for generating ocean surface expressions visible on spaceborne SAR
imagery, the following appear most plausible for the patterns present
in Figure 9: (1) the strong tidal-driven flow of water over the
tidal bar belts and off the Great Bahama Bank over the sharp bottom
discontinuity of the edge of the TOTO may sufficiently disturb the
small scale surface roughness structure (i.e., capillary and ultra-
gravity waves) present with the light wind reported to cause a cor-
responding change in backscatter; and (2) although not reflected in
the weather records, a remnant sea or short-period swell may also
have been incident on the edge of the Great Bahama Bank. The inter-
action of this surface gravity wave field with the tidal current
flowing over the tidal bar belts or off the bank, or with the sharp
depth discontinuity of the edge of the bank itself, may have produced
the SAR-observed surface expressions.
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FIGURE 12. MAJOR BOTTOM FEATURES OF THE TONGUE OF THE OCEAN
AND SAR GROUND TRACK OF SEASAT REV. 694. (After DMA
Chart No. 26300.)

Seasat images collected over the TOTO were also examined to determine
whether or not large patches of coral reefs could be detected using SAR data.
The eastern portion of the Great Bahama Bank contains three areas of exten-
sive coral reefs: the Yellow Bank and Middle Ground areas southeast of New
Providence Island (G6 to H6 on Figure 11); the area just west of Norman
Island (E9): and the area east of Green Cay (Bl2 to Cl2). Each of these
areas contains numerous coral reefs (as indicated on DMA Chart No. 26300 and
by Kline, 1978) in three to four meters of water. Figure 11 is SAR imagery
collected during Rev. 694 (14 August 1978). The ground track of this pass
is presented in FiQure 12. In Figure 11, the eastern edge of the Great
Bahama Bank (A/B4 to A/Bll) and the tidal bar belts (A18 to F17) can he in-
ferred via the presence of bottom related surface patterns. Examination of
Figure 11 reveals no detectable surface pattern at the reported position of

4the reefs. Imagery from twelve Seasat passes collected over this region was
examined. In no instance did surface patterns a,),ear over the three areas
containing reefs.

It appears that both insufficient water flow over the reef structures of
the Great Bahama Bank, as well as insufficient surface gravity wave motion,
existed to produce the necessary interaction with the subsurface reef struc-
ture to produce a visible surface expression. From previous experience with
Seasat SAR imaging of topographic features, it has been documented that, in
general, either a strong current (on the order of 0.4 m/s) or a well-
developed gravity wave field are required to produce a well correlated bottom
topographic signature on the image film. Ths absence of these two require-
ments is consistent with the conditions present in large, shallow reef
regions. 41
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FIGURE 13. SEASAT SAR IMAGE OF BERMUDA ISLAND COLLECTED DURING
REV. 1267. (Image Generated from JPL Digitally
Processed Data.)

Seasat imaged the island of Bermuda during Revolution 1267 (23
September 1978). The image produced from JPL-digitally processed

* SAR data is presented in Figure 13 and the corresponding hydrographic
chart is presented in Figure 14.

The island of Bermuda and the shoal waters surrounding it were
originally a seamount which had undergone extensive weathering and
then were covered by 35 m of carbonate sediment (Rice, et al., 1980).
The top, horizontal plane of the seamount now has a concave shape in
that its edges are higher, and have shallower water depths, than its
center. The southern border of the seamount contains the island of
Bermuda while the other borders contain a 3 to 5 km wide rock and
coral shoal. The water over this shoal ranges from 0.3 to 3.5 m in
depth. The deeper center of the seamount has a water depth between
6 and 15 m. Within six kilometers of the island and the outer edge
of the shoal, water depths of greater than 200 m are reached, indi-
cating the steep drop-off of the seamount.
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FIGURE 14. HYDROGRAPHIC CHART OF BERMUDA ISLAND. (After DMA
Chart No. 26300, depths in fathoms.)

The position of 0.3 to 3.5 m deep shoal bordering the Bermuda
Island seamount coincides with the narrow, dark, oval shaped band
which encircles Bermuda (the feature marked A on Figure 13).

Ancillary environmental data were provided by several sources,
including the Bermuda Weather Station, Bermuda Harbor Radio, the U.S.
Naval Air Station, and U.S. Department of Commerce Tide Tables (NOS,
1978). These data indicate there was a relatively calm wind (3 m/s
from the north) and sea conditions (swell less than 0.5 m in height)
present at the Seasat SAR overflight, with the tide in an ebb flow.

Since the surface disturbance is confined to a narrow, oval band
encircling the shoal region, it appears that the incident swell is
being rapidly dissipated on the outer boundary and damping the
capillary/ultra-gravity wave structure created by the light wind.
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FIGURE 15. SEASAT SAR IMAGE OF CANAL DU SUD AND GONAVE ISLAND,
HAITI, COLLECTED DURING REV. 493. (ERIM Optically
Processed Image.)

The western portion of Haiti was imaged by Seasat during Rev. 493
(31 July 1978). The ERIM optically-processed SAR image of this area
is presented in Figure 15, and the bathymetry of the study area is
presented in Figure 16 (reproduced from DMA chart number 26181,
"Canal De Saint-Marc to Baie Des Baraderes").

There are three distinct surface patterns present in Figure 15:

1. A distinct boundary between a light and dark area running
between Gonave Island south to the Haitian mainland (G5 to
B6),

* 2. A distinct S-shaped boundary (between dark and light areas)
just south of the western tip of Gonave Island (F4 to Hl),

3. An oblong feature half-way between the western tip of Gonave
Island and the mainland (F3 to F2).

Comparison of the location of these patterns with the hydro-
* graphic chart reveals that the first two patterns (I and 2) do not

appear to be related to any bottom feature, while the third pattern
is related to a bottom feature.
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FIGURE 16. BATHYMETRIC CHART OF CANAL DU SUD AND GONAVE ISLAND
AND SURROUNDING WATER. (After DMA Chart No. 26181.)

The location of the oblong feature (F2 to F3) in Figure 15 cor-
responds to the location of the Rochelois Bank (see Figure 16). This
bank is in the center of the Canal Du Sud and rises from a water
depth of over 2000 meters to within 6 meters of the water's surface.

* The boundary of this bank is delineated on the SAR image by a narrow
line, which is lighter than the surrounding water on its south, east
and west sides and darker on the north side (see Figure 15).

Efforts to contact the Haitian government to obtain meteoro-
logical and oceanographic data for this region were not successful.

* Therefore, it is difficult to speculate about the exact causes of
the surface pattern over the Rochelois Bank. The overall appearance
of the surface pattern is quite similar to the pattern observed on
Rev. 762 imagery over the shoal area around North Rona Rock
(Kasischke, et al., 1980), suggesting a gravity wave interaction with
the bottom. The narrow, dark streak over the northern edge of the
bank is quite similar to the tidal current-induced pattern which was
observed on SAR imagery collected over the edge of the Great Bahama
Bank (see Figure 9). The data in Figure 15 represents an area for
further research, if sufficient surface truth data can be obtained.
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'~' %FAWA SAR IMAGE OF COOK INLET, ALASKA. (Collected

. Pv. 289. Image Generated from JPL Digitally

Seasat imaged the o " . f Alaska during Rev. 289
(17 July 1978). Figure 17 is i 111, ",p " , v. ?99 showing the
Cook Inlet. This image was generated tr,, ,, 1,1tI. Figure
18 presents the hydrographic chart of the (,r.k ' . .
was generated from National Ocean Survey Chart Numb...
Inlet, Northern Part; 21st Edition, October, 1980"). Wedth.... -.

at the time of the Seasat overflight (obtained from the Arcti(- In
vironmental Data Center, Anchorage) indicate a 6 m/s wind from
1600(T) with gusts up to 10 m/s was present. The tide tables (NOS,1978a) for this area indicate that the tide stage was one hour after
high tide (i.e., ebb flow) with a height of 3.5 meters above mean
low water.

Four areas were identified on Figure 17 where surface patterns
occurred on the SAR imagery which were believed to be related to a
bottom feature. In the Cook Inlet there is a shoal which extends 30
kilometers southwest of Fire Island. This shoal is clearly visible
on the Seasat SAR image as an area of lighter tone than the sur-
rounding deeper water (F6 to E8). The shallowest portion of this
shoal is in 4 meters of water, while the rest of the shoal is in
approximately 14 meters of water using the tidal stage predicted from
the tide tables. The surrounding deeper water has a depth of approx-
imately 30 meters.

The arcuate shaped, bright return just south of Fire Island (G6/
G7) correlates with a shoal in 8 meters of water, which is surrounded
by water 21 meters deep.
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FIGURE 18. HYDROGRAPHIC CHART OF COOK INLET. (After National
Ocean Survey Chart No. 16660, depths in fathoms.)

The shoal west of Fire Island (F5 to F6) is the subject of
special Cautionary Note "C" on NOS Chart Number 16660: "The shoal
charted at 61'08'45 ', 150022'30 '', has shifted 650 yards in a south-
easterly direction. Mariners should exercise caution when navigating
in this area as the 5-fathom depth contour is now approximately 150
yards from the center line of the Pt. Mackenzie Range." This shoal
is clearly visible on the SAR image and has a banded appearance,
beinq bright on the north side and dark on the south. The shoal it-
-. 1f is in about four meters of water, while the surrounding deep

•hm(t ?0 meters deep.

... ,f the Susitna River Delta (F4 to C7) are the sub-
*,, , " '(' on .)S Chart Number 16660: "Area is sub-

, h nqp. Caution should be exercised

whe, "1v ' i k"or rea hounded by a bright
return OCcurs r . c dol inate the edge of
the mud banks off the ,. ., t)iqraphc/sea
surface interactions appepit i ionted hy
Shuchman (1982) and others in thp rwi .

as these which are subject to extreme ti 1 ,i
4 irregularities provide sufficient disturbance to tn.-

these features to cause straining of the surface, cap , , "
gravity wave structure. In turn, this modification of the
return by the small scale structure produces tonal variations in the
SAR image.
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~FIGURE 19. SEASAT SAR IMAGE OF THE ISLAND OF SULA SGEIR AND THE
SULISKER BANK COLLECTED DURING REV. 762. (ERIM

~optically processed image.)

The SAR image presented in F igure 19 was collected by Seasat
Qduring Revolution 762 (19 August 1978 ) as the satellite passed over

the islands of Sula Sgeir (D5) and North Rona Rock (FI/F2). These
islands are located approximately 75 kilometers northwest of Cape

~Wrath, Scotland, approximately 50 kilometers southeast of the edge
of the continental shelf. The corresponding hydrographic chart for
this region is presented in Figure 20, which was reproduced from DMA

0 Chart Number 35200 ("Butt of Lewis to Thurso Bay").

~The L-shaped feature north of Sula Sgeir (C4 to D5) extends out
I to apoiaeythe 50 fathom line, but nodistinct bottom feature

I is shown on Figure 20 in this area. The Sulisker Bank extends about
15 kilometers south of Sula Sgeir. It rises to a depth of less than
25 fathoms (45 meters) from a surrounding deep water area of over 40

•fathoms (75 meters). Careful examination of Figure 19 in this area
(DIE6 to D/E8) reveals the existence of a very subtle tonal variation
on the SAR image, which is slightly lighter over the reported posi-
tioan of the Sulisker Bank.
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FIGURE 20. HYDROGRAPHIC CHART OF SULA SGEIR AND THE
SULISKER BANK. (After DMA Chart No. 35200,
depths in fathoms)

* Surface observations made at the same time as the Seasat over-
flight indicate there was a strong wind (>10 m/s) from the south and
a wave field with a significant wave height of greater than five
meters, a dominant wavelength of 210 meters, and a direction of pro-
pagation of 600 (T).

Previous investigations (Kasischke, et al., 1980) revealed the
existence of a distinct tonal variation over the bank surrounding
North Rona Rock (which has approximately the same depth as the
Sulisker Bank), on imagery collected during Rev. 762. Why a distinct
pattern is present in one case, and not the other, is not yet well
understood. These two areas certainly represent an area for future
research.
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FIGURE 21. SEASAT SAR IMAGE OF A SHIP WAKE COLLECTED DURING
REV. 762 OVER THE ENGLISH CHANNEL. (JPL digitally
processed data, geometrically and radiometrically
corrected at ERIM.)

Throughout the examination of Seasat SAR imagery of ocean
regions, numerous examples of ships and their wakes have been noted.
Figure 21 presents an example (D2 to D3) of a ship and its wake col-
lected during Revolution 762 (19 August 1978). The bright Kelvin
(V-shaped) wakp is visible, as is the long, dark turbulent wake be-
hind the ship. Note how the image of the ship is displaced to the
right of the wake. This happens because the ship's radial velocity
causes a shift in its signal histories, when recorded by the SAR,
relative to the more stationary water surface. Theoretically, moored
navigation buoys that are in a current could also produce wakes which
might then be detected on SAR imagery. Similarly, a current flowing
over or around a shipwreck might also be detectable.

An extensive analysis of Seasat SAR imagery collected during Rev.
762 over the Southern Bight of the North Sea was conducted to deter-
mine if shipwrecks and buoys could be detected on Seasat SAR imagery.

* This area was selected because it has been extensively studied for
other portions of the DMA effort (see Section 5.1) and therefore
sufficient ancillary information exists, and also because this area
contains numerous charted buoys and shipwrecks. The complete analy-
sis conducted for this study is presented in Appendix B.

* Figure 22 presents an example of two surface patterns which are
believed to be surface signatures of buoy wakes (B5/B6). These ex-
tremely subtle striations occur at the reported positions of two
buoys. A sample of 32 buoys and 91 shipwrecks were randomly selected
from the study site. The positions of these buoys and shipwrecks
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FIGURE 22. SEASAT SAR IMAGE OF BUOY WAKES IN THE ENGLISH CHANNEL
COLLECTED DURING REV. 762. (JPL digitally processed
data, geometrically and radiometrically corrected at
ERIM.)

were marked onto a clear-cell overlay which was then placed over the
Seasat SAR image. This composite was then examined to determine if
any anomalous surface pattern existed at or near the marked
positions.

The study revealed that only 19 percent of the buoys and 16 per-
cent of the shipwrecks were detected on the SAR imagery. Several
trends in the ancillary data were noted. As expected, the prob-
ability of detection of both buoys and shipwrecks increased with an
increase in current velocity and also increased for submerged ship-
wrecks with a decrease in water level over the wrecks.

Although the Seasat SAR had a relatively low detection rate for
shipwrecks and buoys in the English Channel, it is difficult to draw
any definitive conclusion from the analysis of this data because it
is unknown at this time what types of shipwrecks and classes of buoys
were being examined. In order to do a- more definitive analysis, it

* is necessary to know the exact position of the buoys and also what
type of buoys are being used. The type of buoy will definitely in-
fluence the nature of both the SAR reflection from the buoy itself
and the size of the wake the buoy is generating. It is also neces-
sary to more clearly determine the types and extents of the ship-
wrecks being examined. For example, a submerged shipwreck can be

* anything from the wreck of a fifty foot long vessel covered by sand
to a 200 foot ship which is not covered. A clearer identification
of the characteristics of the shipwrecks being examined should lead
to a better understanding of SAR's ability to detect them.
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FIGURE 23. SEASAT SAR IMAGE OF THE MISSISSIPPI RIVER DELTA COLLECTED
DURING SEASAT REV. 393. (Image generated from JPL
digitally processed data.)

The image in Figure 23 was collected as Seasat passed over the
6 Mississippi River Delta during Revolution 393 (24 July 1978). The

hydrographic chart for this area is presented in Figure 24. In
Figure 23, the positions of frontal boundaries found off of river
mouths are marked "A". The bright point returns are believed to be
oil platforms. The striped, finger-like signatures, marked "B" on

* Figure 23, are quite similar to bottom-related signatures found in
past studies over sand banks and shoals. A comparison of the posi-
tions of these features to the bathymetry in Figure 24 indicates no
significant bottom feature occurs near the SAR signatures, and per-
haps represent frontal boundaries between Gulf of Mexico water and
fresh water outflow from the Mississipi River Delta.

i
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FIGURE 24. HYDROGRAPHIC CHART OF THE MISSISSIPPI RIVER DELTA.
(After National Ocean Survey Chart No. 1272)

The features marked "B" on Figure 23 represent examples of false-
alarms. A false-alarm is defined as a pattern on a SAR image that
vas First thought to be related to a bottom topographic feature, but
when the existing hydrographic chart for that area was consulted,
were found to have no correlation to the existing hathymetry. Other
false alarms found during the survey of Seasat imagery include the
L-shaped pattprn north of the Sula Sgeir on Figure 19, and several
patterns on the Haiti Imagry (Figure 15).
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In summary, the survey of shallow-water test sites continued to

document the occurrence of bottom-related surface signatures on

Seasat SAR imagery. These surveys substantiated the conclusions of

previous studies (Kasischke, et al., 1980) in that additional bottom-

related surface patterns were found on Seasat SAR imagery collected

from a wide variety of locations.

It should also be noted that no new type of bottom-related sur-

q face pattern was found during the present study, and all the patterns

observed can be explained in the terms of one of the five categories

discussed in Chapter 3.

During the survey of shallow-water test sites, three examples of

0 false-alarms were documented. During the previous study, no false

alarms were documented. A false alarm is a surface pattern on SAR

imagery which is first identified as being bottom-related, but when

compared to the hathymetry of the area, is found not to be related

_V to depth.

4.4 DEEP-WATER TEST SITES

Durinq the early examination of Seasat SAR imagery, Shuchman and

Kasischke (1979) reported detecting deep-water (200 meters) internal

wave-like siqnatires which occurred over or near significant bottom

features suh as eamointr, guyots and submarine ridges. Djring the

present DMA st.jdy, a careful examination of SAR imagery collected

driog the Joint Air/Sea Interaction (JASIN) experiment (Allan and

Guymer, 19M) was conducted to further examine the relationship be-

tween bottom-related surface signatures in deep-water regions. The

lASIN experiment was a multi-national, oceanographic stuldy which

..ccurred in the North Atlantic coincident with the Seasat mission.

Extonsivo seo, truth measurements were collected durinq this period.

The Incition if tho oceanoqraphic intpnsive array, where many of the

s ;rfalce t rit h 'nairernent wee col letpd du ring IASIN. i' pre se ted

in F nairs95
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FIGURE 25. LOCATIONS OF JASIN TEST AREA AND AREAS EXAMINED
DURING DEEP-WATER SURVEY. (After Institute of
Oceanic Sciences Chart No. C6567, depths in
meters.)
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The purpose of the data presented in this section is to give

examples of SAR signatures which occurred in deep-water regions over

topographic features. In all, there are 17 distinct bottom topo-

Xgraphic features in the JASIN test area. A more complete discussion

of the JASIN SAR imagery will be presented in Section 5.3. This

later discussion will also include reasons why the internal wave-like

and other anomalous surface patterns are thought to occur in deep

water regions. The areas presented in this section are the Faeroe

Bank, the Faeroe Ridge, the Faeroe Bank Channel, the Wyville-Thomson

Ridge, the Iceland-Faeroe Rise, and the Anton Dohrn Seamount. The

positions of the SAR images presented in this section are given in

Figure 25.

In the following examples, Figures 27, 29, 31, 33, and 35 were

reproduced from the Institute of Oceanic Sciences Chart number C6567

("Bathymetry of the North Atlantic - sheet 2 - Continental Margin

Around the British Isles"). The presentation of the deep-water

examplps will follow the same format as the shallow-water examples.
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EXAMPLES OF SEASAT SAR

OBSERVED DEEP WATER BOTTOM FEATURES
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* FIGURE 26. SEASAT SAR IMAGE COLLECTED OVER THE FAEROE BANK DURING REV.
762. (Image generated from JPL digitally processed data.)

The image presented in Figure 26 was produced from JPL-digitally
processed Seasat SAR data. These data were collected during Revo-

* lution 762 (19 August 1978) as Seasat passed over a portion of the
Faeroe Bank and Faeroe Shelf (see Figure 27). The numerous "internal
wave-like" patterns in this image appear to be associated with the
Faeroe Bank, the Faeroe Bank Channel and the Faeroe Shelf.
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FIGURE 27. GROUND COVERAGE OF SEASAT REV. 762 OVER THE FAEROE BANK.
(After IOS Chart No. C6567, Contour intervals in 100-meter

* increments.)

Surface measurements made coincident with the Seasat overpass at
the JASIN test site indicate there was a strong wind (12.5 m/s) from
the south and a swell with a significant wave height of 5.5 meters
and a wavelength of 210 meters, propagating towards 600 (T).

It appears that topographically induced internal waves propagat-
ing at or near the thermocline (approximately 100 m depth) are inter-
acting with the surface gravity wave field through a kinematic inter-
action similar to that proposed by Phillips (1981). The dark reqions
of the "internal wave-like" structures appear to be areas of de-

• pressed surface roughness, and hence low radar return.
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FIGURE 28. SEASAT SAR INAGERY COLLECTED OVER THE WYVILLE-THOlSON
RIDGE DURING REV. 599, (Ontically Drocessed inianery
courtesy of JPL.)
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FIGURE 30, SEAsAT SAP, IMIAGE OF A FRONTAL BOUNDARY COLLECTED
OVER FAEROE BANK CHANNEL AND FAEROE RIDGE, REV,
762, (Image courtesy Of JPL.)
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FIGURE 31. GROUND COVERAGE OF SEASAT SAR REV. 762 OVER
WYVILLE-THOMSON RIDGE. (After IOS Chart No.
C6567, depth contours in 100-meter increments.)

U

The JPL-optically processed image presented in Figure 30 was
collected as Seasat passed over the Faeroe Bank Channel and the edge
of the Faeroe Shelf during Rev. 762. The corresponding bathymetric

4I  chart for this area is presented in Figure 31. The curved, dark line
beginning at A4 and continuing to B9 is believed to be a surface
pattern caused by a frontal boundary. Its location appears to be
over the edge of the Faeroe Shelf, an area with a water depth between
600 and 1000 meters.

I
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FIGURE 32. SEASAT SAR IMAGERY COLLECTED OVER ICELAND-FAEROE RISE
* DURING REV, 958, (Ontically orocessed inaaery courtesy

of JPL.)
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Thp 441 A I' )I lpcted during
Revolution 95 ,,t,,t.. ho- fc(,Iand-

Faeroe Rise. The corre pwj c
presented in Figure 33. The inttrrii A

of Figure 32 occur in an area where thte vit-
and 1000 meters. It is in an area where the i..

from the deep (>2500 m) Iceland Basin to the rteldtv,, Y A

m) Iceland-Faeroe Rise. The dark areas of Figure 32 (,16 and
believed to be atmospheric events.

Surface measurements obtained at the JASiN test area indicates
the gravity wave field present at the time of Revolution 958 had a
significant wave height of 1.4 meters, a dominant wavelength of 147
meters and was propagating tnwards 176°( -  Surface winds had a
speed of 7.2 m/s, but no direction was given.
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FIGURE 35. GROUND COVERAGE OF REV. 791 OVER ANTON DOHRN SEAMOUNT.
(After IOS Chart No. C6567, depth contours in 100-meter
increments.)

Not all surface signatures believed to be related to deep-water,
bottom topographic features are as clear and distinct as the examples
posented previously. Figure 34 was collected by Seasat during
Rev. 791 (?1 Auqust 1973) as it passed over the Anton Dohrn Seamount.
The corresponding bathymetry for this imagery is presented in
Figure 35.

The internal wave signatures collected over the Anton Dohrn Sea-
mount are quite subtle. Three groups of internal waves (B6 to C6,

* 9/E6 to D/ER, and A8) occur over this seamount , which is quite steep
sided, as can be seen by the narrow spacing of the contour lines in
Figure 35.

The sea truth collected at the JASIN test area indicates the
winds were quite stronq, with a speed of: 13 rn/s from the southwest.

* The surface gravity wave field had a significant wave height o~f 3.1
m, a dominant wavelength of 151 m and was propagating towards 45 IT',.
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In summary, during the survey of deep-water test sites, Seasat

SAR imagery collected during the JASIN experiment over the northeast

Atlantic was examined. Two anomolous patterns (an anomolous pattern

being one which could not be categorized as being caused by any known

oceanic, meteorologic or man-made process) appeared over and over on

this imagery: internal "wave-like" patterns and patterns similar to

oceanic fronts. A comparison (presented in detail in the next chap-

ter) between the locations of these anomolous patterns and the loca-

tions of major bottom topographic features (such as seamounts, sub-

marine ridges, and shelfs) in the area revealed a distinct corre-

lation between the two.

* The purpose of the imagery and charts discussed in this section

was two-fold: 1) to present examples of the different types of

anomolous patterns which appear on Seasat SAR imagery collected in

deen-wat er regions-, and 2) to illustrate the correlation hetween

the location of these patterns and the deep-water topographic

featti-o's in the area. Through the analysis of these patterns it has

beon shown that hottom-related surface patterns exist in deep-water

is wn! as shal low-water regions.
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C( 5
MULTI-TEMPORAL ANALYSIS

As evidenced by the examples presented in this report and else-

where, presently there is little doubt that a significant portion of

the surface patterns present on SAR imagery can be correlated to a

bottom topographic feature. However, before SAR imagery can become

an effective tool for updating hydrographic charts, the limitations

of this remotely sensed data base must be further defined.

This chapter contains a description of the methods used and the

results obtained from a detailed analysis of Seasat SAR imagery col-
lected over the same test sites at different times under differentI imaging geometry and environmental conditions. This concept is re-

ferred to as a multi-temporal analysis.

Perhaps the moit important question surrounding the use of SAR

-( imagery to identify and locate hazardous features is how frequently

,will a SAR image a surface pattern related to the bottom opography

in .i qiven area This question can be simply addressed by collecting

a set of SAR imagery over a known bottom feature and tabulating the

number of times a surface pattern occurs. However, to accurately
predict how frequently a pattern will he imaged by a SAR, it is

necessary 'co determine v,hat caused that pattern to appear, and then

predict how many times these conditions will occur at a given area.

This necessitates not only collecting a set of SAR imagery over a

given tPst site, but collecting a set of ancillary environmental

parametors and relating these parameters to the hydrodynamic inter-

actions between the water and the bottom feature.

Annther important question which can be addressed through a

multi -temnoral analysis is how the geographical position of surface

in ,ljre relates to the qeographical position of a bottom featire,

07 it does change, what causes the variation.
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C , mu'ti-temporal analysis was conducted on three test sites

imaqed y the Seasat SAR: (1) the Southern Bight of the North Sea,

(Engl' h Channel): (2) the Tongue of the Ocean, and (3) the JASIN

test area.

The methods used during the multi-temporal analyses were much

the same as those used to examine individual sites, as outlined in

Section 4.1. Additional observations made were the number of times

uq a SAR surface pattern occurred over or near a given bottom topo-

graphic feature and also statistical comparisons were made between

the various ancillary data and the appearance of bottom-related SAR

patterns.

*O The results of these analyses are presented in the rest of this

chapter. Section 5.1 presents the results of the English Channel

study, 5.2 the results of the Tongue of the Ocean study and 5.3 the

results of the JASIN study. Finally, Section 5.4 discusses the

results of these analyses.

5.1 SOUTHERN BIGHT OF THE NORTH SEA (ENGLISH CHANNEL)

The bottom-related signatures on Seasat SAR imagery collected

over the Southern Bight of the North Sea (or the northern portion of

the Enqlish Channel) during Rev. 762 have been intensively examined

hy several authors (see Kasischke, et al., 1980; Kenyon, 1981- Shuch-

man, 10391. In this section, an examination of Seasat SAR imnerv

from three additional dates is presented.

Four Seasat revolutions provide SAR coverage of the Southern

Biqnt reqin of the North Sea and English Channel (see Figure 36).
* The SAR swaths (100 km wide) are indicated as rectanqles on the

figure. The SAR passes used in the study are Revolutions 762, 957,

1430, and 1473. As indicated on Table ?, the satellite overasses

san the time from August 19 to October 9, 1973, representing 1ate

* smuner conditions in the Channel. Note from Table ? and Fiqure 36
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that Revolutions 957, 1430, and 1473 have generally the same orienta-

tion (i.e., radar look direction with respect to the Channel), while

Revolution 762 represents the nearly orthogonal look direction.

The English Channel test site is characterized by a series of

longitudinal sand banks and transverse sand waves which are situated

in water depth varying from approximately 3 to 50 meters. Bathy-

metric contour charts of the southern and northern ends of the study

site are presented in Figures 37 and 38 respectively. The sand waves

are clearly identifiable as elongated arcuate features with closely

spaced contours contours indicating rapid depth changes surrounding

the features.

* Figure 39 is the Seasat digital image of the English Channel test

site obtained during Revolution 762. The image, processed at the Jet

Propulsion Laboratory, represents a 100 x 100 km scene with a resolu-

tion of 25 x 25 meters. This image has been radiometrically and

geometrically corrected using procedures described in Appendix C.

Figure 40 is a comparison of the radar image and the bathymetric

chart of the hottom in the test area for Revolution 762. From Figure

40, it can he noted that the sand waves are visible with stronger

radar returns resulting on the down current side of their crest

lines. The transverse sand waves are predominantly on the gentler

slope of the asymmetrical longitudinal sand waves (or banks) and

their crest lines bend around to trend increasingly more parallel to

* the longitudinal sand wave axis. Kenyon (1981) reports that at the

time of this image collection, a current of 1-2 n/s was flowing 200

oliquely to the longitudinal sand waves and parallel to the ortho-

gonal of the transverse waves. Kenyon (1981) further noted that

* analysis of sidescan sonar records from near South Falls (Caston,

1979) has revealed additional transverse sand waves which are not

sepn on the image.
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FIGURE 39. JPL DIGITALLY PROCESSED IMAGE OF SEASAT REV. 762,
19 August 1978. (Geometrically and radiometrically
corrected at ERIM.)
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The longitudinal sand banks are modern tidal built sand banks

and are one of the two main depositional faces of the offshore tidal

environment in the English Channel, the other being the offshore sand

sheet faces (Kenyon, et al., 1979). The longitudinal sand banks are

Wthe largest bed forms of shallow, strongly tidal seas, and can in
extreme cases be as much as 120 km long and 30 km wide. These sand
banks tend to occur in groups, either well away from the coast or in

estuaries, or are found as solitary near-coastal banner banks in the

lee of headlands, islands or submerged rock shoals. Tidal currents

passing over these modern sand banks are usually very strong, running

between 1-2 m/sec at peak flow.

*e The modern tidal sand banks observed in the English Channel are

not quite longitudinal bed forms, but are aligned obliquely to the

regional direction of peak tidal flow and to the resulting net trans-

port direction by as much as 200, with an average value of approxi-

mately 100. Figure 41 (from Kenyon, et al., 1979) indicates the off-

shore tidal sand banks and net transport direction in the test site.

The steeper sides of the sand banks are indicated with a tick mark.

It is noted with interest that Kenyon used Seasat SAR data in con-

junction with standard oceanographic data to prepare this figure.

The transverse sand waves also found within the English Channel

data are large flow-transverse bed forms coupled to oscillatory

boundary-layer currents of tidal origin (Allan, 1980). These trans-

verse sand waves are considered giant ripples with heights up to an

average of 10-15 meters and with wavelengths of several hundreds of

meters (Lohmann, 1976).

Previous examinations of the Seasat SAR imagery collected during

Rev. 762 (see Figures 39 and 40) revealed that the surface patterns

correlated almost one to one with bottom-topographic features

(Kasischke, et al., 1980: Kenyon, 1981: Shuchman, 1932). For the
purposes of the inter-comparison of data collected by the four Seasat
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passes, we will concentrate on the area around the Sandettie Bank

and South Falls (see Figure 40). SAR imagery for this area from the

four passes is presented in Figure 42. From these images, it can be

seen that the surface patterns are quite distinct on the Rev. 762

imagery, moderately distinct on Rev. 1473 imagery, and very faint on

the imagery from Revs. 957 and 1430.

The environmental conditions at the times of the four English

Channel orbits are listed in Table 3. The conditions present are

also summarized in Figure 43.

From the analysis of the data, it was determined that the fol-

lowing conditions must be met before bottom topographic features can

'4 be detected on SAR imagery over the English Channel:

1. There must be a tidal current on the order of 0.4 m/s (0.8

knots) or more, depending on the depth of the bottom feature;

and

2. There must be a wind sufficient to generate surface waves at

the Bragg wave number in the region surrounding the bottom

feature (i.e., 1 m/s or 2 knots). Recall that the radar is

sensitive to Bragg waves traveling in the range direction,

so there must be some component of the wind in this direction

in order to generate these waves.

Both of these conditions are met for Revolutions 762 and 1473,

4 with tidal currents between 0.6 and 0.7 in/s (1.2 and 1.4 knots) and

winds between 2 and 5.5 m/s (4 and 11 knots). For Revolution 957,

the tidal current is less than 0.1 m/s (0.2 knots) which is insuffi-

cient to produce the necessary modulation or straining of the Bragg

waves. For Revolution 1430, the tidal current is adequate (0.65 m/s

(1.3 knots)), but the wind speed is so large (10.5 m/s (21 knots))

that the effects of the current variations across the ridge are

quickly "erased" by the wind.
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AT THE TIME OF THE SEASAT OVERPASSES
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The observed dependence of the SAR image contrast on the current

and wind conditions is explained by a hydrodynamic/electromagnetic

model developed by Shuchman (1982). The hydrodynamic part of this

model calculates the change in the current velocity as the current

flows over a long linear bottom feature such as South Falls or

Sandettie Bank. The interaction of the short surface waves with this

variable current is then calculated using the kinematic conservation

equation and the wave action equation (Phillips, 1981), including

the regenerative effects of the wind. The result of this part of

the model is the amplitude of the waves satisfying the Bragg crite-

rion as expressed in Eq. (1); i.e., those with wavenumber

Kw = 2K sin G (1)

where K is the radar wavenumber and e is the incidence angle, at each

point in the scene. These results are then fed into the electro-

magnetic part of the model which calculates the radar cross section

0 ) at each point in the scene. A random signal is added to

simulate the effects of system noise and the total signal is dis-

played in the form of a two-dimensional gray map or a one-dimensional

plot of the radar signal along a line through the feature.

An example of the two-dimensional output of this model is shown

in Figure 44. This simulated image was generated using the environ-

mental conditions for Rev. 762 as listed in Table 3. The image is

very similar to the actual Seasat image for Rev. 762 (Figure 40) near

the center of South Falls. A one-dimensional plot of the simulated

signal through the South Falls feature is compared with the actual

signal from Rev. 762 in Figure 45a. Similar agreement was obtained

for t'- transverse sand waves along Sandetti Ridge as shown in Figure

45b.

This model was exercised for the conditions occurring during

Revs. 957 and 1430 and resulted in a predicted signal change of less

than 1 dB across South Falls. This agrees with the observation that
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--actual SAR values

-model results

(a) SOUTH FALLS ~ \/ -

00 0.8 . 2. 3.YISTNCE (K)
DISKM

/ I

C2 I

(b) TRANSVERSEV
SAND
WAVES LUJ

C:)

CL

90.0 20.00 40 00 60 00 80 00100.00 120.00
DISTARNCE (kM)

Note: The model predicts
no backscatter change for

4 Sandettie Sand Bank.

FIGURE 45. MODEL VS. ACTUAL BACKSCATTER CROSS-SECTION
FOR REV. 762 SOUTH FALLS AND TRANSVERSE
SAND WAVES CASE.
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no image features corresponding to South Falls were visible on these

passes. For Rev. 1473, the predicted signal change was 1.1 dB which

is somewhat smaller than the observed change but is in qualitative

agreement with the observation that the features are visible although

less distinct than those in the Rev. 762 data.

As a result of this modeling effort, it is felt that the current/

bottom interaction mechanism is fairly well understood, at least in

principle. The presently developed model is not applicable to all

geometries and all types of bottom features, but in the cases for

which it is applicable, the results are in good agreement with obser-

vations. Further exercise of this model could help to define the

limitations of a given SAR system for detecting bottom features.

Additional model development could also extend the range of applic-

ability of the model and possibly begin to address the question of

whether quantitative depths can be extracted from the SAR data.

j.2 TONGUE OF THE OCEAN

Twelve Seasat revolitions (of the fifteen collected) form the

data base for the multi-temporal analysis of the Tongue of the Ocean

(TOTO) area. From Table 2, it can be seen that Seasat was on an

ascending orbit, with a satellite heading of approximately 3350 (T),

during eleven of these passes and was on a descending orbit, with a

satellite heading of 2100 (T), during only one orbit (Rev. 529).6

The origins of the Tongue of the Ocean and other deep-water chan-

nels within the Great Bahama Bank have not been totally resolved.

Mullins, et al. (1978) lists three categories of theories describing

the initial formation of these channels: constructional, erosional

and tectonic (grabens). The presence of the deep-water TOTO channel

most likely led to the formation of the tidal bar belts along its

southern edge, which were quite visible on the Seasat SAR image-y.
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In general, tidal bar belts form in regions of intensified cur-

rent flows. Even though the tidal range between high and low water

in the Caribbean is less than one meter, at the edge of the Bahama

Banks, tidal currents can be quite strong. (Ball (1967) reported

tidal current speeds between one and one and one-half meters per

second (two to three knots) off Schooner Cay at the tip of the Exuma

Sound. During a geologic survey along the southern edge of the TOTO,

Palmer (1979) reported currents in excess of one and one-half meters

per second in the tidal bar belt region, with ebb currents generally

being stronger than flood currents.)

The magnitude of the tidal currents in the southern edge of the

TOTO can also be influenced by wind and wave conditions. Winds blow-

ing in the same direction as the current will increase the velocity,

while wind blowing in the opposite direction to the tide will de-

crease the velocity. Wind driven waves and ocean swell can also

affect tidal flow in this region. As waves propagate onto the Great

Bahama Bank from the TOTO, bottom induced wave refraction will occur.

Because of vertical constriction exerted on the waves moving onto

the shelf, a current will be formed in the direction of the waves

(Ball, 1967), i.e., perpendic' to the edge of the shelf. This

wave driven current will either increase or decrease the tidal cur-

rent depending upon its direction.

The combined tidal, wind and wave generated currents eventually

eroded channels into the carbonaceous bank sediments. Once the

channels started to form, the currents' flow patterns were concen-

trated into these channels; thus, the channels actively influenced

their own formation (Ball, 1967).
0

As previously mentioned in Section 4.3, there are two distinct

bottom features which were detected on Seasat SAR imagery of the TOTO

region: the tidal bar belts in the southeri portion of the TOTO and
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the edge of the Great Bahama Bank which surrounds the TOTO (see

Figures 9 and 11). All twelve Seasat SAR images of the TOTO were

examined and the detectability of these two features were classified

using one of the following categories:

Excellent Feature very visible on the Seasat SAR image;

Good Feature moderately visible on the Seasat SAR

image;

Poor Feature faintly visible on the Seasat SAR image;

and

None Feature not visible on Seasat SAR image.

Because the edge of the Great Bahama Banks, which surround the

TOTO covers such a large area (approximatey 500 kilometers of edge),

it was divided into four sections. These sections are indicated on

Figure 46. The visibility of the bottom-related surface patterns

for the four sections in Figure 46 and the tidal bar belts are pre-

sented in Table 4 for the twelve Seasat passes. Table 5 summarizes

these categories for each area.

From Table 5, it can be seen that the tidal bar belts in the

southern TOTO were detected 92 percent of the time Seasat made an

overpass of this area; the edge of the Great Bahama Bank was detected

to some extent 100 percent of the time in section I, 83 percent of

the time in section II and 50 percent of the time in sections III

and IV. These results indicate that enough current (either tidally,

wind or wave driven) existed to cause a current/bottom interaction

resulting in the patterns detected on the Seasat SAR images over the

tidal bar belts. The edge of the TOTO was not always indicated by a

pattern on the imagery, indicating that less favorable conditions

existed in these regions.

Weather conditions at the time of the Seasat orbits were obtained

from the Bahama Meteorological Office in Nassau. Predictions of tide
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TABLE 4
DETECTABILITY OF BOTTOM-RELATED SURFACE PATTERNS ON

SEASAT SAR IMAGERY COLLECTED OVER THE
TONGUE OF THE OCEAN

Seasat Tidal Bar Edge of Great Bahama Banks
Revolution Belts I II III IV

450 G NC E G G

529 P NC N N N

694 G NC E N E

1024 G P P P P

1110 G P P P P

1153 G E E P P

1196 N P N N N

1239 E G P N N

1282 P G P N N

1325 P P P N N

1368 E E E P N

1411 E E G P P

*Detectability Categories: E - Feature Very Visible

G - Feature Moderately Visible
P - Feature Faintly Visible
N - Feature Not Visible

NC - Feature Outside Area of SAR
Coverage

9
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stages and heights were obtained from tide tables (Kline, 1978) and

tidal currents were estimated using the observations of Palmer (1979)

and the linear model presented in Figure 47. The model presented in

* .Figure 47 was constructed by assuming the semidiurnal tides in the

Bahamas had a maximum current velocity of 1.5 m/s when they were

flowing on or off the Great Bahama Banks (after Palmer, 1979). If

the stage of the tides were known (as they were for the TOTO region),

then a current velocity could be obtained from Figure 47 assuming

the standing wave mode to be dominant in this region. The environ-

mental conditions are summarized in Table 6.

Although not enough data exist for a rigorous statistical analy-

sis, we can examine the data for trends by plotting the average of

an environmental parameter versus each detection criteria. This in-

formation is presented in Table 7 and summarized in Figures 48-50

for wind speed, tidal height, and tidal velocity. From these fig-

ures, the following trends can be observed:

1. All the wind speeds (see Figure 48) for the TOTO region were

between the minimum and maximum suggested in the previous

section (greater than 1 m/s but less than 10 m/s). From

these data, it appears that the bottom-related surface pat-

terns are most visible when the wind is less than 3 m/s.

2. Tidal heights appear to be correlated to detectability of

the surface patterns (see Figure 49), with greater visibility
4 occurring at lower water levels.

3. Tidal current velocities (see Figure 50) are somewhat corre-

lated to the detectability categories, with the greater visi-

bility occurring at higher current velocities.

In addition, no apparent correlation exists between the stage of

the tide (e.g., ebb or flow) and the detectability of the features

on the Seasat SAR imagery.
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TABLE 7
SUMMARY OF AVERAGE WIND SPEED, TIDAL HEIGHT AND TIDAL CURRENT

VELOCITY FOR EACH DETECTION CATEGORY,
TONGUE OF THE OCEAN TEST SITE

Tidal Height Tidal Current
Wind Speed (feet Above Velocity

(mis) Mean Low Water) (m/s)

Tidal Bar Belt Region

* None Category 2.0 3.3 0.9
Poor Category 3.4 2.5 0.6
Good Category 3.3 1.9 0.7
Excellent Category 3.3 2.4 0.9

Great Bahama Bank

Region I

None Category
Poor Category 3.9 2.4 0.6
Good Category 4.2 3.0 1.0
Excellent Category 2.7 1.8 0.9

Region II

None Category 2.8 3.4 0.6
Poor Category 4.4 2.5 0.7
Good Category 2.5 2.4 1.4
Excellent Category 2.4 1.6 0.7

Reg ion -111

None Category 3.3 2.7 0.8
Poor Category 3.5 1.0 0.7
Good Category 2.0 1.6 0.9
Excellent Category ---

Region IV

* None Category 3.4 2.6 0.7
Poor Category 3.8 2.2 0.8
Good Category 2.0 1.6 0.9
Excellent Category 2.0 1.5 0.9

96



•~~~~~~~ ~~~ . . .. . . . . . , , _o . _ -. .. ., . ., .o .o-

""tIM RADAR AND OPTICS DIVISION

6 N - None
"" P- Poor
E G - Good

4 E - Excellent

aJ 3

Tongue of the Ocean
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Feature Detection
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4, 47

GB*3 *Great Bahama Bank31 GBB*
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Region II
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FIGURE 48. DETECTION OF BOTTOM FEATURES IN THE TONGUE OF THE

OCEAN REGION AS A FUNCTION OF WIND SPEED
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G - Good
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FIGUYE 49. DETECTION OF BOTTOM FEATURES IN THE TONGUE OF THE
OCEAN REGION AS A FUNCTION OF TIDE HEIGHT
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FIGURE 50. DETECTION OF BOTTOM FEATURES IN THE TONGUE OF THE
OCEAN REGION AS A FUNCTION OF TIDAL CURRENT VELOCITY
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A comparison of the observed (on Seasat imagery) position of the

tidal bar belts and the edge of the Great Bahama Bank reveals that

each of these features occurs in approximately the same position on

the various Seasat SAR images. The appearance of these features, how-

ever, can change rather dramatically.

Figure 51 presents two examples of Seasat SAR images collected

at the edge of the Great Bahama Bank, over a series of tidal bar
.belts in the southern end of the Tongue of the Ocean. The two images

presented in Figure 51 were collected during Revolution 1411 (3 Octo-

ber 1978) and Revolution 1239 (21 September 1978). Comparison of

the SAR images with the corresponding hydrographic chart reveals that

the pattern located from BI to E4 corresponds to the edge of the

Great Bahama Bank, while the banded patterns (A2 to E5) correspond

to the tidal bar belts in this area. The differences in the imagery

in Figure 51 can be explained through the use of the hydrodynamic!

electromagnetic model developed by Shuchman (1982).

Examination of tide tables for the Bahamas (Kline, 1978) indi-

cates at the time of Revolution 1411, the tide stage was four hours

before low tide, indicating the presence of an ebb flow of water off

the Great Bahama Bank into the TOTO. During Revolution 1239, the

tide stage was one hour before high water, indicating the presence

of 3 flood tide onto the Great Bahama Bank from the TOTO. Weather

records from the Bahama Meteorological Office at Nassau showed a

north wind with a velocity of 2.5 m/s was present during Revolution

1411 while an east wind of 4.8 m/s was present during Revolution

1239.

There are three environmental factors influencing the ocean sur-

Face roughness sensed by the SAR. These factors are: the current

speed, depth of water, and the wind. In regions where the depth (and

therefore the current speed) is changing rapidly, the roughness is

influenced primarily by the rate of change of the current speed. A
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*FIGURE 51. SEASAT SAR IMAGERY AND HYDROGRAPHIC CHART OF THE TONGUE
OF THE OCEAN: (a) SEASAT REV. 1239 (21 Sept 1978), (b)
SEASAT REV. 1411 (8 Oct 1978), AND (c) HYDROGRAPHIC CHART
OF AREA. (Seasat digitally processed imagery courtesy
of JPL. Chart reproduced from DMA Chart Nos. 26300 and
27040.)
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, .changing current tends to increase or decrease the amplitude of the

small capillary and ultra-gravity waves or the surface and make the
surface rougher or smoother, depending on the direction of the cur-

rent relative to the waves. In areas where the depth and the current

are nearly constant, the surface roughness is governed primarily by

the wind. The wind can be thought of as a restoring force which

tends to bring the wave height or surface roughness into an equili-

brium value which depends on the wind speed. Thus, if current varia-

qtions cause the wave height to be decreased, the wind, given suffi-

cient time, will return the wave height to its original value. These

general statements are illustrated for the two particular cases

illustrated in Figure 51 in the following paragraphs.

The bottom topography for the southern edge of the TOTO maybe

modeled and divided into seven regions as illustrated in Figure 52.

The pattern of surface roughness variations depends on the current

direction. For simplicity, in both of these cases the waves are

assumed to be propagating in the same direction as the current.

Essentially the same qualitative descriptions hold if the waves are

propagating in the opposite direction to the current except that the

phenomenon of wave blockage can occur if the current velocity changes

from less than the group velocity of the waves to larger than this

velocity. For a falling tide (Figure 52a) the following interactions

occur:

0 Region 1: The depth is assumed to be uniform over a large enough

area so that the wave height (surface roughness) has reached an

equilibrium value for the existing wind speed and current conditions.

Region 2: Decreasing depth causes an increasing water current which

* in turn causes a progressive smoothing out of the surface roughness

pattern (i.e., a decrease in the amplitude of the capillary and

ultra-gravity waves).
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a) Falling Tide:

Radar Image Tone Gray Dark Bright Gray Bright Gray

Surface Roughness

Current agnitude

•I I
I I IZone 121 3 4 1 5 6I1

Bottom

b) Rising Tide:

Radar Image Tone Gray Bright Gray Dark Gray Dark Gray

Surface Roughness

Current Magnitude .- - -- . ,-- -- - .4- - - .- - -
I I

Zone 1 2 3 1

I 2 3

Bottom

* FIGURE 52. SCHEMATIC DIAGRAM OF INTERACTIONS OF CURRENT,
BOTTOM, AND CAPILLARY WAVES AND THE RESULTANT
SAR IMAGE INTENSITY VARIATION FOR THE EDGE OF
THE TONGUE OF THE OCEAN
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Region 3: The current remains constant while the wave height (sur-

face roughness) is brought back into equilibrium by the action of

the wind.

Region 4: Increasing depth causes a decreasing current, thus a com-

pression of the surface, and a progressive roughening of the surface.

Region 5: Depth and current remain constant while the wave height

readjusts into equilibrium with the wind.

SRegion 6: Similar to region 4, i.e., a decreasing current causes an

increasing surface roughness.

Re9_ion7: Similar to region 5, i.e., a gradual return to equilibrium

with the given wind conditions.

The above model appears to adequately describe the patterns in Figure

51 for Revolution 1411, when an ebb tidal flow was present. Note in

the SAR image collected over the southern portion of the TOTO, there

exists a series of ridges, each of which has the banded appearance

as described in regions I through 5 above.

For a rising (flood) tide (i.e., a current flowing onto the

bank), the following interactions occur, as illustrated in Figure

52b:

Region 7: The depth is assumed to be uniform over a large enough

area so that the wave heights (i.e., surface roughness) has reached

an equilibrium with the existing wind speed and current conditions,

resulting in an area of uniform radar backscatter.

Region 5" A decreasing water depth causes an increasing current

which in turn causes a smoothing out (damping) of the surface capil-

lary and ultra-gravity waves.

Region 5: Graddal return to equilibrium.

Region 4: Same as Region 6.
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Region 3: Gradual return to equilibrium.

Region 2: An increasing water depth causes a decreasing current

which in turn causes a compression of the surface waves and a pro-

gressive roughening of the surface with rppect to the incident radar

waves.

Region 1: Gradual return to equilibrium.

This model appears to adequately describe the patterns present

on Revolution 1239 during a flood tide.

Thus the surface patterns present on the two Seasat SAR images

in Figure 51 are consistent with the hydrodynamic/electromagnetic

model developed by Shuchman (1982) and illustrated in Figure 52.

All Seasat SAR images collected over TOTO during ebb flows had pat-

terns similar to those on Revolution 1411 imagery, while all those

collected during flood conditions were similar to Revolution 1239

imagery.

Finally, the many Seasat SAR passes available over the Great

Bahama Bank assisted in the elimination of a bottom feature being

the cause of an anomalous surface pattern. During the examination

of the TOTO SAR imagery, numerous patterns, similar to those pre-

sented in Figure 53, were noted over the Great Bahama Banks. Because

of many sandy shoal areas on the Great Bahama Banks, they were con-

sidered to be a potential source for these anomalous patterns. An-

other potential source for t iese patterns is the thunderstorms which

are present in this area during this time of the year.

If the anomalous surface patterns were caused by a shoal area,

then we would expect these patterns to be clustered around the same

geographic location. If, on the other hand, they were caused by

thunderstorms, their locations would be more or less random.

The positions of these anomalous features from all twelve SAR

passes from the TOTO region were plotted on the same map. This map
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FIGURE 54. LOCATIONS OF THUNDERSTORM SIGNATURES ON
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is presented as Figure 54, which reveals that the patterns are ran-

domly distributed and also occur in the center of the deep-water area

of the TOTO. Therefore, these patterns are believed to be due to

thunderstorms or other transient meteorological effects evidenced on

the ocean surface. (For a further discussion on SAR detection of

meteorological events, see Appendix A.)

5.3 JASIN TEST SITE

U Data used in this portion of the study were collected during the

Joint Air/Sea Interaction (JASIN) experiment (Allan and Guymer,

1980). The JASIN experiment was proposed in 1966 as part of the

Global Atmospheric Research Project and was sponsored and organized

by the Royal Society of the United Kingdom. The primary aims of the

JASIN experiment were to "observe and distinguish between the phy-

sical processes causing mixing in the atmospheric and oceanic bound-

ary layers and relate them to mean properties of the layers; and to

examine and quantify aspects of the momentum and heat budgets in the

atmospheric and oceanic boundary layers and fluxes across and be-

tween them" (Royal Society, 1979). To this end, fifty principal in-

vestigators from nine countries collaborated on an intensive experi--

ment from mid-July to mid-September, 1978. Fourteen oceanographic

research vessels were on site during this period.

Seasat, launched just prior to the JASIN experiment, offered in-

* vestigators a unique opportunity to collect satellite data over a

well instrumented test site. A Seasat SAR receiving station had been

set up at Oakhangar, England for the European Space Agency and radar

data were collected on twenty different occasions when Seasat passed

• over or near the JASIN study area. Fifteen of those passes form the

basis for par t of the present study (data from two passes were of

too poor quality to process and imagery from three p-sses did not

have accurate final annotatiots and no land nd therefore could not

* be accurately located). Surface data collected during the JASIN
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experiment included measurements of wave frequency, direction and

" height, and wind speed and direction. In addition, numerous sub-

surface measurements of temperature, salinity and current direction

and velocity were obtained by instruments suspended from buoys.

Figure 25 shows the location of the oceanographic intensive array

where many of the oceanographic measurements were obtained during

the JASIN experiment. When Seasat made its passes over JASIN, it

3not only covered this test site, but also the areas adjacent to it.

Therefore, extensive SAR coverage of the Northeast Atlantic during

the late summer and early fall of 1978 exists.

Figure 55 was reproduced from the Institute of Oceanographic

Sciences Chart Number C6567 (for a description of this chart, see

Roberts, et al., 1980). In conjunction with the JASIN experiment,

extensive hydrographic surveys of this portion of the Atlantic were

made, resulting in a bathymetric chart which is unusually accurate

for a deep-water area.

There are 17 distinct bottom topographic features present in this

area (see Figure 55). These features are listed in Table 8, along

with the shallowest contour interval charted for that feature, the

estimated depth of the adjacent deep-water area, and the calculated

slope for the feature.

In order to study the relationship between surface patterns on

* Seasat SAR imagery and these bottom features, the following procedure

was used: the location of the ground coverage of the Seasat SAR was

obtained by consulting the satellite data record (SDR) for each pass.

A SDR contains a series of ground latitude and longitude coordinates

* for specific times during the Seasat pass. Most of the Seasat SAR

images contained annotations of the time the data were collected.

Therefore, the location of a particular surface pattern could be

identified by noting the time when the pattern occurred during that

• orbit. First the ground coverage of each pass was marked on an over-

lay placed on the chart. Second, the locations of all internal waves
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TABLE 8
BOTTOM TOPOGRAPHIC FEATURES IN THE NORTHEASTERN ATLANTIC

Depth of Local
Shallowest Point Adjacent DW* Slope

B o ttom Fea t-ure- _(i) ---- (m) (Degrees)-

UIceland-Faeroe Rise 300 1000 5

Bill Bailey's Bank 100 1200 13

Lousy Bank 300 1500 28

Hatton Bank 500 2000 18

George Bligh Bank 500 ih)00 11

Faeroe Bank 100 1000 8

Faeroe Shelf 300 1000 7

Wyvil le-Thoinson
Ridge 400 1200 17

Yinir Ridge 600 1500 31

North Feni Ridge 1200 2000 5

Ros;eiary Bank 500 2000 23

Rockall Bank 300 2300 20

Anton Dohrn Searnount 600 2100 28

West Shetland Shelf 300 1000 11

Malin Shelf 200 2000 31

* Hebrides Terrace
Searnount 1000 2400 27

Hebrides Shelf 200 1500 28
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and frontal boundaries (see Section 4.4) were noted and then these

locations marked on the overlay. Finally, a surface pattern was said

to be associated with a bottom feature if its location was within 10

kilometers of that feature, as will be discussed below.

The internal wave groups and frontal boundaries observed on the

JASIN SAR imagery were very large features, often being over 100 km

long and 30 to 50 km wide. The hydrodynamic interactions believed

to be responsible for these features are very much different than

those responsible for shallow-water patterns: therefore, the surface

patterns occur over a much larger area with less exactness than the

shallow-water patterns (i.e., they usually do not take on the same

shape as the bottom feature).

Figure 56 shows the total SAR coverage of the northeast Atlantic

obtained by the 15 passes. Each deep-water feature listed in Table 8

was covered during a minimum of two passes and a maximum of eight.

Tabie 9 presents the occurrence of internal wave arid frontal

boundary patterns on Seasat SAR imagery for each of the seventeen

deep-water bottom features. Table 10 summarizes these occurrences

for each Seasat revolution. Given in Table 10 are the Seasat revolu-

tion number, the total number of deep-water bottom features within

the ground coverage oF a pass, and the total number of times an in-

ternal wave or frontal boundary pattern occurred over or near (±l0

* km) a bottom feature.

Presented in Figure 57 are the locations of the internal wave

features which appeared on the Seasat imagery. The length of the

lines indicate the two-dimensional extent of each internal wave pac-

* ket. The lines with the arrows indicate the direction the crests of

the internal waves are traveling. If no direction could be deter-

mined, then an arrow was placed at both ends. Plotted on Figure 58

are the locations and extent of the frontal boundaries identified on

* the JASIN SAR imagery.
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TABLE 9
SUMMARY OF OCCURRENCES OF BOTTOM-RELATED SURFACE PATTERNS

ON SEASAT SAR IMAGERY

L*

Bottom Feature SAR SAR Observed Pattern
Covered Revolution Frontal

by Seasat SAR Number Internal Wave Boundary

Iceland-Faeroe Rise 719 X
762 X X
958 X
1044 X X
1087 X

Bill Bailey's Bank 719 X X
757

1006 x
1044
1049 X X
1087 X

Lousy Bank 633 X X
791 X
834 X
958 X
1006
1044 X X
1049 X X
1087 X

Hatton Bank 547
791 X
958 X
1044 X

George Bligh Bank 547 xS791

958 X
1044 X
1087 X

Faeroe Bank 556 X
4 719 X

757 X X
762 X X

4
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:. TABLE 9

SUMMARY OF OCCURRENCES OF BOTTOM-RELATED SURFACE PATTERNS
ON SEASAT SAR IMAGERY (Continued)

Bottom Feature SAR SAR Observed Pattern

Covered Revolution Frontal
by Seasat SAR Number Internal Wave Boundary

Faeroe Shelf 556 X
599 X X
642 X X
757
762 X X

Wyville-Thomson Ridge 556 X
599 X
642 X
719 X
757
762 X X

Ymir Ridge 556 X
599 X
642 X
719 X
757 X
1049 X

North Feni Ridge 547 X X
556 X
633
757
791 X X
834
1006 X X
1049 X

Rosemary Bank 556 X
599 X
633 X X
757
834 X
1006 X x
1049 X
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TABLE 9SUMMARY OF OCCURRENCES OF BOTTOM-RELATED SURFACE PATTERNS
ON SEASAT SAR IMAGERY (Concluded)

Bottom Feature SAR SAR Observed Pattern*
Covered Revolution Frontalby Seasat SAR Number Internal Wave Boundary

Rockall Bank 547 X556 
X

757 X
791 X
958 X X

1044
1087 x

Anton Dohrn Seamount 547 X X
556 X
599 X
791 X

West Shetland Shelf 642 X
762 X

Malin Shelf 547 X
633 X
791 X
834

Hebrides Terrace 547 X
Seamount 642 X

791
Hebrides Shelf 599

633
642719

762 X
834
1006 X
1049

4 TOTAL 92 58 35

*An x indicates that surface pattern appeared over the positionof the bottom feature during a particular Seasat revolution.

1166



18 17- 1* Is, 14* 13* ir 1P 10, 91 8* 7. 6 S. 4 3' ? 1. P

'~1~ -xNorwegian Basin

J - 6r

t~ <
Iceland Basin

are Faeroe Shelf

~141P ~ am~ Bank 61

/j 5eamou/ jPK

, to- -~n 
59*

Roemr B.+

* FIGURE 57.00 LOAINO+NENLWV-IESINTRSIETFE NSA

SAR MAGE COLECTE OVE THEJASIIARE
117

X\



fLRIM RADAR AND OPTICS DIVISION

TABLE 10
SUMMARY OF DETECTIONS OF DEEP WATER TOPOGRAPHIC FEATURES

BY SEASAT SAR IMAGERY USING DATA COLLECTED
DURING THE JASIN STUDY

Total Total
Number Number of

Total of Occurrences Occurrences
Number of of Internal of Frontal

Seasat Deep Water Bottom Waves Over Boundaries
Revolution FEatures Covered Features Over Features

547 7 5 3

556 8 4 4

599 6 5 1

633 5 3 2

642 6 4 3

719 6 4 2

757 8 3 1

762 6 6 4

791 8 4 4

834 5 2 0

958 5 4 2

1006 5 2 4

1044 6 4 2

1049 6 4 2
1087 6 4 1

Total 89 58 35

Percent 63 38
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From Table 10, we can see that 63 percent of the internal waves

and 38 percent of the frontal boundaries were associated with a bot-

*.- tom feature. An interesting result of the multi-temporal, deep-water

analysis was that at no time did an internal wave pattern occur over

a deep-water area without a corresponding bottom feature (i.e., the

Rockall Trough, Iceland Basin or Norwegian Basin). These results

strongly suggest a correlation between the deep-water bottom features

and the internal waves and also indicate some relationship may exist

betwepn the occurrence of frontal boundaries and deep-water features.

They also suggest that the dissipation of deep-water propagating in-

ternal wave pockets is sufficiently high to preclude their detection

through successive passes.

To gain a better understanding of the deep-water surface patterns

on the JASIN Seasat imagery, the ancillary environmental data were

examined, and correlated to the appearance or absence of internal

waves or frontal boundaries.

5.3.1 INTERNAL WAVE SIGNATURES

The surface environmental conditions present a, the times of the

Seasat overpasses were compared to the occurrence of the internal

waves to determine if the absence of patterns could be explained by

th-e theory that adverse surface conditions (i.e., high winds and/or

waves) would mask the internal wave patterns. The surface con-

ditions, collected djring the JASIN experiment, are presented in

Table 11, along with the Seasat revolution number, dominant gravity

wave wavelength and direction of propagation, significant wave

height, and wind speed and direction. These data were provided

courtesy of Dr. R. Stewart of the Scripps Institute of Oceanography.

For those cases where no surface measurement of dominant wave fre-

quency and direction existed, SAR derived values were substituted

(after Kasischke, 1980).
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CThe Seasat revolutions were divided into two groups for this

analysis. Group I contained all those revolutions where the internal

wave detection rate was greater than 70 percent. Group II contained

all revolutions where the internal wave detection rate was less than

70 percent.

The average wavelength, wave height, wind speed, and direction

of wave travel with respect to radar look direction for each group

are presented in Table 12. Also presented in Table 12 are the range

of these values for each group. Table 12 shows that no strong pat-

terns exists in the data, with the internal waves being detected over

a wide variety of environmental conditions including high surface

wind and look directions.

For detecting internal waves on SAR imagery, it has been sug-

gested that internal waves with crest orientations perpendicular to

the radar line of sight (i.e., range traveling) are detected more

often than those whose crests are parallel (i.e., azimuth traveling)

(Fu and Holt, 1982). Although cases exist where azimuth traveling

internal waves have been imaged by SARs (see Vesecky and Stewart,

1982 or Figure 28, this report), these are thought to be the ex-

ception rather than the rule.

The orientations with respect to the radar line-of-sight of the

crests of the internal waves on the JASIN SAR imagery were deter-

nined. Four orientation classifications were used:

1. 0'-30': The crests of the internal waves are parallel to

the radar line-of-sight (i.e., azimuth traveling).

2. 30'-60': The crests of the internal waves are half-way be-

* tween range and azimuth traveling.

3. 60'-90' The crests of the internal waves are perpendicular

to the radar line-of-sight (i.e., range traveling)

4. 0'-90": The crests of the internal waves are oriented in

all directions.
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TABLE 12
COMPARISON OF INTERNAL WAVE DETECTION GROUPS TO

ENVIRONMENTAL PARAMETERS

Group I Group II(' ernal Wave (Internal Wave
Environmental Condition Detection Rate > 70%) Detection Rate < 70k)

-------- -- De ec - n -a e 7 -,

Wavelength
Average 169 m 175 mMinimum 71 m 1.3 mMaximum 299 m 256 M

Wave Height
Average 2.7 m 3.4 m
Minimum 1.1 m 1.5 m
Maximum 5.7 m 5.0 m

CWind Speed
Average 8.9 mls 10.3 m/s
Minimum 4.5 m/s 3.6 m/s
Maximum 13.2 mls 15.2 m/s

Wave Direction with
Respect to Radar
Look Direction

Average 60' 470
Minimum 250 14'
Maximum 84' 850
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Table 13 summarizes the distribution of the internal wave orien-

tations for both the ascending passes and the descending passes.
Also presented in Table 13 are the direction of orientation for the

internal waves. A direction of NE-SW, for example, means the crest

of the internal wave is oriented from the northeast to the southwest.

Note from the data in Table 13, that 44 internal wave packets were

observed during the eight ascending orbits and 44 internal wave pac-

kets were observed during the seven descending orbits.

If the orientation of the internal waves in the JASIN area were
equally distributed in all directions, and the SAR had no bias in

the manner it detects internal waves, then we would expect that an
1equal number of azimuth (0o-30') waves and range waves (60o-90')

would be observed. From Table 13, we can see that well over 50 per-

cent of the detected internal waves had a range orientation. How-

ever, we can also see that the majority of the waves were oriented

in a northeast to southwest or southeast to northwest direction, in-

dicating the waves were not equally distribute in all directions.

It therefore appears more analysis is needed to interpret the meaning

of the data presented in Table 13.

Throughout the analysis of the JASIN data, we have referred to a

portion of the anomalous deep-water surface patterns on the SAR

images as internal waves. Although we have yet to develop direct

evidence that these surface patterns are internal waves, the cir-

cumstantial evidence for this being the case is strong.

The generation mechanisms and sources responsible for internal

waves have been extensively researched during recent years (Wunch,

1976; Muller and Olbers, 1975; Bell, 1975; Baines, 1979). Even so,
the knowledge of the physical processes for internal wave generation

is still very limited because a determination )f the sources and

sinks of internal waves requires a continuous record of the wave

spectra (Garrett and Munk, 1975 and 1979).
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TABLE 13
ORIENTATION OF INTERNAL WAVES OBSERVED ON SEASAT SAR IMAGERY

COLLECTED OVER THE JASIN AREA

Internal Wave Orientation*

Seasat Revolution 00-300 300-600 600-90 °  0o-90 °

Descending Orbits

556 1 1 3 0

599 4 3 2 1

642 5 3 2 1

757 0 1 5 0

958 1 0 3 0

1044 2 0 2 0

1087 0 4 0 0

Subtotal 13 12 17 2

Ascending Orbits

547 0 3 4 1

633 1 1 5 1

719 2 0 4 0

762 0 1 8 0

791 0 1 4 0

834 0 0 2 0

1006 0 0 1 0

1049 3 0 2 0

Subtotal 6 6 30 2

Total Ascending 19 18 47 4

and Descending

N-S E-W NE-SW SE-NW All

Total by
Direction of Orientation 4 14 43 23 4

.A.0 orientation indicates the crests of the internal waves

are aligned parallel to the radar line-of-sight; a 90' orientation
indicates they are aliqned perpendicular to the radar line-of-siqht.
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CT Several sources for the generation of internal waves have been

identified, including surface atmospheric effects, internal (oceanic)

L effects and topographic effects (Thorpe, 1975). Surface atmospheric

effects include traveling atmospheric pressure and stress, buoyancy

flux, surface wave interactions and Ekman layer instability. Inter-

nal (oceanic) generation can be caused by decay of large scale cir-

culations and breaking baroclinic instability (of which there is very

little known). The generation of internal waves due to topographic

q features is similar to the generation of Lee waves by air flow over

irregular surfaces. In the ocean, internal waves can be generated

when a current (tidal or otherwise) flows over a deep-water feature

such as a seamount, guyot, submarine ridge or the edge of a conti-

nental shelf (Wunch, 1975; Bell, 1975; Baines, 1973).

For the JASIN area, it is now suspected that tidal currents flow-

ing over the bottom topographic features are forming internal waves

along the thermocline. In many cases, the internal wave fields are

felt to have sufficient energy to modulate the surface capillary wave

structure, and hence allow the internal waves to be detected on SAR

5.3.2 FRONTAL BOUNDARIES

Even though they were not as prevalent on the JASIN Seasat SAR

imagery as were internal waves, the case for frontal boundaries also

being related to deep-water bottom features is strong.

A front has been described as a convergence zone between two

ocean water masses or currents of different velocities. Hence, a

frontal boundary is usually characterized by an altered surface

roughness because of the formation of white caps, the bunching of

the surface capillary waves due to water velocity differences or the

-Ilteration of capillary waves by surface slicks or foam fronts.

Ocean fronts have often been detected on SAR imagery (see Appendix

A).
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There are four different types of fronts to consider: (1) major

ocean currents; (2) mixing of water from estuaries and rivers;

(3) coastal upwelling; and (4) deep-water upwelling. Fronts at the

boundary of major ocean currents can extend over thousands of kilo-

meters. These fronts are associated with the intrusion of either

warm, salty water of tropical origin into higher latitudes (e.g.,

the Gulf Stream) or the intrusion of cold, less saline water into

lower latitudes (e.g., the Labrador Current). These currents are

generally in quasi-geostrophic balance.

Two smaller scale fronts, which are generally restricted to con-

tinental or near-continental regions, are those found at river or

estuary mouths and coastal upwellings, and are the result of an off-

shore surface Ekman transport caused by alongshore wind stresses.

These fronts are formed in continental seas and estuaries, occur

around islands, banks, capes, and shoals, and are generally found in

the boundary regions between shallow, wind and tidally mixed near-

shore waters and stratified, deeper offshore waters. These fronts

are more influenced by local acceleration, bottom stress and inter-

facial friction than by the Coriolis Force.

The JASIN area is sufficiently far away from the British Isles

to rule out the latter two small scale fronts as those observed on

the Seasat SAR imagery. Surface measurements of currents made during

the JASIN experiment (Tarbell, et al., 1979) and during previous

years (Bainbridge, 1980) indicate that no persistent large scale sur-

face currents exist in this region. It is believed this area is

dominated by tidal currents with velocities of less than 0.5 m/s at

the surface (U.S. Naval Oceanographic Office, 1977). These tidal

currents can also generate areas of deep-water upwelling.

To illustrate this mechanism for frontal boundary generation, we

refer to the profiles of potential temperature, salinity and sigma

theta presented in Figure 59 (after Bainbridge, 1980). These pro-

files were generated from data collected over the Iceland-Faeroe
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-! Rise. A current (most likely tidal driven) forces the deep-water

isopyncals up to the surface, resulting in a frontal boundary. This

concept is graphically illustrated in Figure 60.

Although the oceanographic data from the JASIN experiment are

not yet available, the suspected generation mechanism for fronts and

internal waves is believed to be similar to the concept outlined in

Figure 60.

5.3.3 SUMMARY OF DEEP-WATER MULTI-TEMPORAL ANALYSES

The conclusion to be drawn from this deep-water, multi-temporal

analysis is that the appearance of internal waves and localized

frontal boundaries in a deep-water area on SAR imagery most likely

indicate the presence of a deep-water bottom feature in the same

area. Unlike shallow-water sand banks and sand waves, whose shapes

and locations are imaged accurately by a SAR (when they appear on

SAR imagery), the internal waves do not give the exact location or

shape of a deep-water feature. Since internal waves were present 63

percent of the time the Seasat ground coverage passed over a deep-

water, bottom feature, it appears that this type of remote sensor

might be used to determine the presence of such features, especially

where multi-date imagery is available.

5.4 DISCUSSION

Through the use of three case studies, we have shown that multi-

temporal analysis is an effective means for analyzing SAR data for

information on bottom topographic features. During the examination

of SAR data collected at different times over the same test site, we

have begun to define the limitations of ising SAR imagery to update

hydrographic charts.

The frequency with which a SAR will successfully image a surface

* pattern related to a bottom feature depends on the test site. For
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the two major sand banks in the English Channel, the Seasat SAR

imaged distinct surface patterns 50 percent of the time. The smaller

sand banks and ridges in this area were imaged only 25 percent of
the time. In the Tongue of the Ocean, distinct surface patterns
occurred over 90 percent of the time on SAR imagery collected over

the tidal bar belts in this area. The edge of the Great Bahama Bank

was imaged between 50 and 80 percent of the time. In our deep-water

study site (the northeast Atlantic JASIN site), on 63 percent of the

occasions when SAR imagery was collected over deep-water bottom fea-

tures such as a seamount, bank, or ridge, an internal wave pattern

was present on the imagery. Frontal boundary signatures occurred

almost 40 percent of the time SAR imagery was collected over a deep-
water bottom feature.

The multi -temporal analyses demonstrated that the appearance or

non-appearance of a bottom-related surface pattern is not a random

event, but one which is based upon predictable environmental events.

This point was illustrated through the use of an electromagnetic!
hydrodynamic model which used environmental parameters as inputs to

predict the radar backscatter from an ocean surface. The data col-

lected over the English Channel test site was used to verify this
model

In the shallow-water test sites studied, the appearance of sur-

face patterns over the same bottom feature on SAR imagery collected

* from different dates was usually quite similar. These patterns occur

in the same geographic location on successive dates and can be used

to map the location of a bottom feature. For sand banks and ridges,
SAR imagery often can be used to map the small scale structure of

these features.

Although internal wave and frontal boundary patterns in deepwater

areas indicate the presence of a bottom feature, they cannot be used

at this time to indicate what that feature is or determine the exact
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shape or location of the feature. The chances of an internal wave

pattern being present near the same feature on two successive dates

is high, but the chances are low that these patterns will be in the

same exact location or that they have the same shape and appearance.

The multi-temporal analyses have also led to a better understand-

ing of the environmental conditions under which bottom related sur-

face patterns will be detected by a SAR. For the TOTO and English

Channel test sites, it was determined that the bottom features were

being imaged because of the hydrodynamic interaction between surface

capillary waves and tidal currents flowing over the bottom features.

It has been shown that tidal current velocities below a minimum value

do not sufficiently alter the surface capillary waves to be detect-

able by a SAR (see Table 3 and Figure 42); therefore a minimum tidal

current is necessary to view bottom features (i.e., sand ridges,

banks and tidal bar belts).

Finally, during the TOTO study an example was presented where

the multi-temporal analysis assisted in identifying a surface pattern

as being caused by an atmospheric event rather than being bottom re-

lated. The examples shown were the random surface patterns caused

by localized rain squall activity present in the TOTO reyion.

I
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6
MULTI-SENSOR ANALYSIS

This chapter contains a description of the methods used and the

results obtained from a detailed comparison between Seasat, Landsat,

and bathymetry data for the Nantucket Shoals area. The purposes of

this study were to investigate the degree of correlation between the

SAR image brightness and the water depth, and to determine the extent

U to which information from different sensors such as Seasat and Land-

sat are complementary or redundant for hydrographic applications.

Photographic data from the Skylab mission were also visually compared

with the Seasat and Landsat data, but were not registered or quanti-

tatively evaluated.

6.1 TEST SITE AND DATA SET DESCRIPTIONS

The test site selected for this multi-sensor analysis was over

the Nantucket Shoal, as shown in Figure 61. The Nantucket test area

is a shoal region composed of long ridges trending generally

northwest-southeast and rising to within 5 meters of the surface.

The Nantucket Shoal test site is similar to the English Channel test

site (Section 5.1) in that both have longitudinal and transverse sand

waves. Shepard, et al. (1934) and Uchupi (1968) describe the Nan-

tucket Shoal region as an area of glacial morainic ridging reworked

by tidal currents to form a series of sand shoals (longitudinal) and

sand waves (transverse). Figure 62 from Uchupi (1968) shows the

distribution of sand shoals and sand waves on Nantucket Shoals and

in Nantucket Sound. The shoals run many tens of kilometers in

length, while the transverse sand wave crests are up to ten kilo-

meters long and average 10 meters in height. A typical wavelength

for these transverse sand waves is approximately 400 meters (Stewart

and Jordan, 1956).
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FIGURE 62. DISTRIBUTION OF SAND SHOALS AND SAND WAVES ON NANTUCKET
SHOALS AND NANTUCKET SOUND. (Curved lines indicate crests
of Sand Waves. Based on soundings from U.S. Coast and
Geodetic Survey.) [Fromi Uchupi, 1968]
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The data used in this analysis came from five sources. Water

depth data were obtained in the form of digitized depth soundings,

collected by the National Ocean Survey and obtained from the NOAA

Environmental Data and Information Service, and supplementary depth

data were obtained from NOAA Chart No. 13237. Three types of remote

sensor data were considered, including digitally processed Seasat

data from Revolution 880 acquired on 27 August 1978, Landsat data

for Scene I.D. No. 1724-14472 acquired on 17 July 1974, and Skylab

S-190A photography taken on 12 September 1973. The Seasat data from

Revolution 880 represent the only Seasat data collected over this

area. Several Landsat images exist for this area, the particular

data set used in this study was chosen because it shows the greatest
amount of detail in the Nantucket Shoals area, and environmental con-

ditions were similar to those during the Seasat over-pass. En-

vironmental conditions at the time of collection of these three data

sets are summarized in Table 14. Coincidentally, the time of over-

pass occurred within a few minutes of maximum ebb tide at Pollack

Rip (see Figure 62) channel for all of the data sets. The tidal

current is rotary in this area and thus varies throughout the test

site. The values shown in Table 14 are at Davis Bank (see Figure

6?), which was the location nearest the center of the test site at

which tidal information was available. These data were obtained from

several sources, including NOAA tide tables, U.S. Coast Gudrd obser-

vations, and daily weather maps.

6.2 DATA PREPARATION

In order to make a detailed comparison between the Seasat, Land-

sat, and bathymetry data on a point-by-point basis, a composite data

set was generated from all of these sources. This data set consists

of a six-channel image file in which the first channel contains the

--- ~*Slection of the Landsat data set depended heavily on a survey
of the various images by ReeJ f1931 , who also obtained the Skylab
data used in this study.
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( bathymetry data, the cond channel contains the Seasat data

registered onto batnymetry data, and the third through sixth

channels contain the four Landsat bands similarly registered. The

generation of this composite data set is described in this section,

and the analysis of the data is described in Section 6.3.

6._.1 GENERATION OF WATER DEPTH FILE

qThe digital water depth data obtained from the NOAA Environmental

Data and Information Service consists of a series of 40-character

records on magnetic tape, each record containing the latitude and

longitude of the measurement and the depth in feet, fathoms, or

meters. The units of the depth measurement are specified by a car-

tographic code, and some auxiliary information, such as the date of

the survey, is also contained in each record. Each file on the data

tape contains soundings for an area of one degree in latitude by one

ieqree in longitude. Typically, there are several hundred thousand

records in each file. Within each file, the soundings are arranged

in 10-minute by 10-minute segments. Thus, for example, all the data

for the area from 41010'N to 41'20'N and 69°50'W to 70'W are con-

tained in records 86,000 to 90,000 of the NOAA/EDIS tape.

The first step in the generation of the water depth file was to

cony a subset of these data points for the area of interest into an

imaqe file format. The particular format chosen for this purpose

consisted of a rectanguilar grid whose elements (pixels) are spaced

at regula r intervals of latitude and longitude. The area selected

for this analysis lies between 41°N and 41'20'N latitude and 69030'W

to 70YW in longitude, as indicated in Figure 61. The grid spacing

was selected as 0.02701 minutes in latitude and 0.03566 minutes in

longitude, corresponding to a 50 x 50-meter pixel size. This results

in an imaqe file consisting of 740 records or lines, and 840 samples

or points per line.

4
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Each sounding in the NOAA depth file was assigned to the nearest
location on this grid. Multiple depths assigned to the same grid

location were averaged together, and grid locations for which no

depths were available were assigned a "null" value. This procedure

resulted in the copying of 63,858 depth values from the NOAA tape

into 53,188 pixel locations on the output image file. An additional

1103 depth values were read from NOAA Chart No. 13237 to fill in the

larger gaps in the image, mainly near Nantucket Island. Thus,

roughly one tenth of the 740 x 840 pixel locations in the file were

assigned a depth value, implying an average spacing of about 3 pixels

between the depth values.

* In order to assign depths to the remaining pixel locations, a

previously developed routine, resident on ERIM's Earth Resources Data

Center computer, was exercised on the data set. This routine com-

putes a two-dimensional polynomial fit to the data within each

20 x 20 pix2l subset of the image file. A depth value is then com-

pIited at each pixel location in the scene by evaluating the poly-

nomial expression at each point. In order to ensure continuity at

the boundaries of each 20 x 20 pixel subset, the polynomial coeffi-

cients are interpolated between subsets. This routine degrades the

-esolitfon of the depth data somewhat, by attempting to fit a smooth
surface through the data. However, for the purposes of this study,

the '-esults were judged to be adequate. The rms difference between

* the input depth values and the fitted values at the same locations

w3s approximately I meter.

6.?.? REGISTRATION OF SEASAT DATA

The next step in the preparation of the composite data set was

to reqister the Seasat data onto the water depth file. Prior to this

step, the Se,-sat data were radiometrically corrected, as described

in Aooend r C. The Seasat data were also smoothed by averaging each

contiguoujs block of 3 x 3 pixels together into a single pixel. This
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was done to improve the signal-to-noise ratio and to make the pixel

size comparable to that of the water depth file.

The procedure for registering the Seasat data set uses a set of

ground control points in combination with the known slant-to-ground

range nonlinearity. The slant range for each point is rronverted into

a ground range using the equations presented in Appendix C, and a

linear regression or least-squares fit is obtained between the ground

range and the earth coordinates, and between the azimuth sample num-

ber and the earth coordinates of the ground control points. This

relationship is then used to resample the Seasat data onto the water

depth file grid, using a nearest-neighbor method. The details of

this procedure are described in the following paragraphs.

First, a set of ten identifiable features were located in the

Seasat data by making line printer gray maps of the data. These

points are listed in Table 15. The Seasat coordinates (i.e., the

line and point numbers) for these points are denoted by 12 and P?.

Next, the latitudes and longitudes of the features selected as ground

control points were obtained from NOAA Chart No. 13237 (scale

1:80,000). These latitudes and longitudes were converted to equiva-

leit line and point numbers (Ll and P1) in the hydrographic file us-

ing the equations

41°20'N - latitudeL1 .)l -. .. + 1.5 (2)

and

P1 = 700 0'W - longitude + 1.5 (3)

The resulting pairs of coordinates for corresponding po irit s in the

hydrographic file and in the Seasat data were entered into the

registration program.

In the registration program, the range coordinate fi, oach con-

* trol point is converted into a ground range before the l-it-squares

fit is computed. In actuality, two conversions are rcqIv;9i, since
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the coordinates for the JPL digitally-processed Seasat data have been

modified to correct for earth rotation effects. The first conversion

is to remove this skew correction in order to obtain the slant range

coordinate. This conversion may be written as
R = R0 + AR(L2 + S * P2) (4)

where R is the slant range, R0 is the minimum range, AR is the

range distance between lines, and S is the slope of an iso-range line

in the image (this is 1/16 for the Nantucket data set but may be

positive or negative depending on the geographic location of the

image). The second conversion is the slant-to-ground range conver-

sion described in Appendix C. The ground range X, resulting from

this conversion, is substituted for the line number and the least-

squares fit is obtained, resulting in the equations

X = 281584 - 21.55 * Ll + 45.31 * P1 (5)

and

P2 = 1514.0 - 0.9337 * Ll - 0.4123 * P1 (6)

where X is the predicted ground range and P2 is the predicted azi-

muth sample number. For a given Ll,Pl, these equations can be

solved, and the slant-to-ground range equations can be inverted to

yield the corresponding coordinates (L2 and P2) for the Seasat data.

4 Comparing these predicted coordinates with the actual coordinates of

the 10 ground control points for the Seasat data, an rms difference

of 0 670 lines and 0.688 points was observed. In physical coordi-

nates, this implies an rms error of

( 0.670) 2 + (0.688)2]112 x 48 m = 46 m.

When the least-squares fitting was done without the slant-to-ground

range conversion, the rms error for lines was 1.417, or about twice

as large as with the conversion.
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Once the transformation from ground coordinates (Ll,Pl) to satel-

lite coordinates (L2,P2) has been established, the actual registra-

tion of the data begins. This is done by stepping through the input

(hydrographic) file one pixel at a time. At each location (L1,Pl),

the corresponding satellite coordinates (L2,P2) are calculated from

the transformation equations. The satellite data from the pixel

nearest to this location is then copied along with the hydrographic

data onto the output file. This procedure is referred to as nearest-

neighbor resampling, and is appropriate for the relatively continuous

scene brightness distributions occurring in this area. The output

of this process is a two-channel data file with the hydrographic data

in Channel 1 and the Seasat data in C'annel 2.

6.2.3 REGISTRATION OF LANDSAT DATA

The procedure for registering the Landsat data is similar to that

for Seasat, except that no slant-to-ground range conversion is neces-

sary. lhe same set of ground control points were located in the

Landsat image, and their coordinates are listed in Table 16. These

coordinates were entered into the registration program, where a

least-squares fit was obtained directly between the Landsat coordi-

nates (L2 and P2) and the depth file coordinates (Ll and Pl). This

results in the set of equations

L2 = 1684 + 0.6043 * Ll - 0.1300 * P1

and

P2 = 2208 + 0.2251 * Ll + 0.8386 * P1

where L2 is the predicted Landsat line number and P2 is the predicted

point number. The rms difference between the predicted line and

point numbers (L2 and P2) and the observed line and point numbers

(L2 and P2) for the set of ground control points used was 0.804 lines

and 0.989 points. in physical units, this amounts to an rms error of
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F(0.804 x 79 m)2 + (0.989 x 57 m)2 ] 112 = 84.9 m.

This set of equations was used to control the nearest-neighbor re-

sampling of the Landsat data onto the combined water depth/Seasat

file generated previously. The result was a six-channel image file

in which the first two channels are the same as the input file (i.e.,

the water depth and Seasat data) and channels 3-6 contain the four

Landsat bands.I
6.3 DATA ANALYSIS

This section discusses the analysis of the composite multi-sensor

data set described in Section 6.2, and also discusses some additional

observations which were made using photography from the 1973 Skylab

mission. Comparisons among the data sets constituting the composite

image file were carried out in two ways: first, image displays were

generated in order to visually compare the data over the entire test

site, and second, quantitative statistical correlations were made

for selected areas within the test site.

6.3.1 VISUAL IMAGE COMPARISONS

Gray level images were made for each data set within the com-

posite file, as shown in Figure 63. Note that only bands MSS5

(0.6-0.7 um) and MSS6 (0.7-0.8 um) are shown here. It has been

* demonstrated by Reed (1981) that the patterns appearing in the Land-

sat image for this area are due to surface reflection, and are

essentially the same in all four bands. There is a general decrease

in the atmospheric path radiance toward the infrared, so that the

4 contrast of the features tends to be larger in the near-IR bands.

However, this consideration is offset by a decreasing signal-to-noise

ratio with increasing wavelength, so that the optimum image quality

occurs for MSS5 or MSS6. Because of the small dynamic range of the

MSS6 signals, further analysis of this data was done using band MSS5

only. Except for noise and digitization effects, however, the

results should be essentially the same for all the MSS bands.
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'mit

I.

FIGURE 63. IMAGES FOR REGISTERED WATER DEPTH FILE (TOP LEFT),
SEASAT DATA (TOP RIGHT), LANDSAT MSS 5 (LOWER LEFT),
AND LANDSAT MSS 6 (LOWER RIGHT)
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Although this form of display does not permit quantitative com-

parisons, several observations can be made. First, the spatial reso-

lution of the Seasat data appears to be superior to both the Landsat

data and the NOAA depth data presented here. Many small features

appear in the Seasat image, having scales on the order of hundreds

of meters, which are not present in the depth image. Most of these

features are also absent in the Landsat image, although some of the

larger ones are visible. Evidence will be presented in the following

section that these features correspond to transverse sand waves or,

the bottom. The depth information is not adequate to resolve these

small features, and the interpolation process described in the

previous sections further reduces the spatial resolution of these

data, resulting in the "fuzzy" appearance of the depth image.

The second observation which can be made from these images re-

gards the tonal variations in the Seasat and Landsat images. In most

cases, the tonal variations in the Seasat images are bidirectional,

i.e., consisting of brighter regions in juxtaposition with darker

ones. In the Landsat image the tonal variations appear to be only

in one direction, i.e., brighter than the background. This suggests

that the Seasat signal may be related more closely to the slope of

the bottom than to the water depth. This conjecture will also be

pursued in the following section.

The final observation is that there is a good deal of consistency

* between the large-scale patterns in the Seasat data, the Landsat

data, and the NOAA depth data. Most of the gross features are common

to all three images, although their positions are slightly shifted

in some cases. The frequency of co-occurrence of the major features

and the amount of shift between them will be quantitatively investi-

gated in the following section by examining one-dimensional plots of

the data along selected lines.
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As an example of an alternative type of display of the two-

dimensional image data, perspective plots were generated from the

Seasat, Landsat, and depth data for one area. Figure 64 shows these

perspective plots for the data within the box indicated in Figure 65.

These plots show the fall-off in the Seasat and Landsat signals at

the edge of a bank-like bottom feature. Although helpful in visual-

izing the data, these plots are of limited value for extracting quan-

titative information.I
6.3.2 QUANTITATIVE DATA COMPARISONS

Detailed comparisons were made between the data sets along the

lines indicated in Figu-e 65. In order to reduce noise and to makeI

the spatial resolution of the satellite data comparable to that of

the water depth data, the Seasat and Landsat data were smoothed using

either a 5 x 5 or a 10 x 10 pixel window. Figure 66 shows the raw

Seasat data (top curve) and the smoothed data (lower curves) for line

80 of the composite file. Figure 67 shows the comparable Landsat

data along the same line. In order to test the hypothesis that the

Seasat data are related to the slope of the bottom, the linear slope

(dz/dx) and the logarithmic slope (I/Z dz/dx) were also computed from

the depth file. Figure 68 shows the depth (Z) and these two slope

values plotted versus distance (x) along line 80.

The 10 x 10 smoothed Seasat data show distinct peaks at pixel

* numbers 30, 125, 323, and 510, corresponding to distances of 4.0,

6.2, 16.2, and 25.5 km along this line. The 10 x 10 smoothed Landsat

data show similar peaks at pixel numbers 80, 125, 329, and 519. Com-

paring these plots with the depth data, these peaks seem to corre-

* spond to the depth minima at pixel numbers 72, 122, 328, and 525.

This visual observation was tested by computing the local correlation

function between the Seasat and depth data, and between the Landsat

and depth data. The correlation function is obtained by calculating

the correlation coefficient (r) for a set of 41 points (i.e., a 2 km
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FIGURE 64. PERSPECTIVE PLOTS OF WATER DEPTH, SEASAT, AND LANDSAT DATA
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FIGURE 65. LOCATION OF SUBAREAS (LINES 80 AND 280)
SELECTED FOR FURTHER ANALYSIS
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FIGURE 67. LANDSAT DATA FOR LINE 80: (a) RAW DATA,
(b) SMOOTHED 5X5, (c) SMOOTHED 1OX10
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FIGURE 68. HYDROGRAPHIc DATA FOR LINE 80: (a) WATER DEPTH,
(b) BOTTOM SLOPE, (c) SLOPE DIVIDED BY DEPTH
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interval) as a function of the relative shift between the data sets.

An example of such a correlation function is shown in Figure 69, for

the feature located at pixel 323 in the Seasat data. The results of

this set of computations are summarized in Table 17 in terms of the

maximum correlation (r) and the relative shift for which this maximum

correlation occurred.

The same analysis was carried out for the data along line 280,

* which is shown in Figures 70-72. Five prominent features were

selected and the correlation functions computed for those features.

The results of this set of calculations are also shown in Table 17.

Combining the results for these two lines, one obtains a mean shift

* of 4.7 pixels (235 meters) and an rms shift of 9.0 pixels (450
meters) between the Seasat image features and the corresponding bot-

tom features. For the Landsat data, the mean shift is 4.4 pixels

(220 meters) and the rms shift is 8.4 pixels (420 meters). The aver-

age correlation coefficient was 0.B6 for Seasat and 0.87 for the

Landsat data.

In order to determine whether there is a better correlation be-

tween the Seasdt data and the bottom slope, or the slope divided by

the depth, the same set of correlation functions was calculated for

these variables. The results are summarized in Table 18. These

studies appear to indicate that the Seasat data correlates better

with the water depth than with the bottom slope or the slope divided

by the depths, at lThast for line 80. For line 280, the rms shift is

slightly smaller for the slope/depth case. A visual comparison of

the plots also seems to indicate a better correlation with the depth

for line 80 and with the slopeldepth for line 280 (see Figures 73

and 74). The lack of consistency in these observations may indicate

that there is more than one mechanism causing the backscatter varia-

tions. The current speed and direction is known to be highly vari-

able throughout the scene due to flow around Nantucket Island and

over
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TABLE 17
SUMMARY OF CORRELATION STATISTICS FOR SEASAT AND

LANDSAT DATA VERSUS DEPTH

Seasat vs. Depth Landsat vs. Depth

Line, Point rmax Shift(pixels) rmax Shift (pixels)

80, 80 0.95 +6 0.86 +6

80, 125 0.80 -4 0.83 -2

80, 325 0.94 -2 0.90 -2

80, 520 0.93 -7 0.80 -9

280, 25 0.91 -5 0.86 -5

280, 145 0.88 +4 0.95 0

280, 205 0.88 -1 0.92 +1

?80, 260 0.61 -12 0.91 -9

280, 450 0.84 -21 0.78 -20

All Points 0.86 -4.7 (mean) 0.87 -4.4 (nean)

9.0 (rms) 8.4 (rms)

155



* LRIMY RADAR AND OPTICS DIVISION

SEASAT VS. DEPTH -LINE 80, POINT 325

PIXEL SW7'

*FIGURE 69. CORRELATION FUNCTION FOR SEASAT VS. DEPTH
DATA
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8

DISr ANCE(WK)

FI GURE 71 LANDSAT DATA FOR LINE 280: (a) RAW DATA,
(b) SMOOTHED 5X5, (c) SMOOTHED lOXID
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TABLE 18
SUMMARY OF CORRELATION STATISTICS FOR SEASAT DATA
VERSUS BOTTOM SLOPE AND SLOPE DIVIDED BY DEPTH

Seasat vs. Slope Seasat vs. Slope/Depth

Line., Point rmax Shift (pixels) rmax Shift (pixels)

80, 80 0.74 +14 0.74 +14

80, 195 0.92 +13 0.92 +13
I 32 0.93 +11 0.93 +11

4). () 0.66 +7 0.66 +7

0.93 +8 0.99 +7

0.67 +20 0.53 +19

0.87 +9 0.87 +9

0. -2 0.97 -3
fr).75 -11 0.67 +1O

q3 +10.1 (mean) 0.81 +9.7 (mean)
11.6 (rms) 11.2 (rms)
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LINE 80
8

,. rvSEASAT

WdJ , .,,._,,

1.~" . -LANDSAT MSS 5

4-) L-

DEPTH'

[W.S A NCE ( {K M)

* FIGURE 73. COMPAPJSON OF SEASAT, LANDSAT, AND DEPTH DATA
ALONG LINE 80

* Depth value plotted as 50-z, where z is depth in meters.
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LINE 280

C,

U C

S / - '. - S E A S A T
.- ~

E , - --- - - -- -- LANDSAT MSS 5

CIO_ v- .. 1 dZ *- 4," 

i -

c1 r¢ r, 71 2 2t 4 77

[ !A t0,,..I (K k.!4l

FIGURE 74. COMPARISON OF SEASAT AND LANDSAT DATA WITH
LOGiARITHMIC SHAPE I1 dZAON)IN 8

•LogrithImic slope value plotted as 35+6250 (1IZ) hr n r

in meters. 
f
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the complex bottom topography. Thus, wave breaking and tidal over-

falls (Stewart and Jordan, 1956) may occur in parts of the scene

while simple modulation of the Bragg waves may be the dominant back-

scatter mechanism in other areas (Shuchman, 1982).

The final investigation reported in this section deals with the

small-scale features which appear in the Seasat image and to a lesser

extent in the Landsat image, but not in the interpolated NOAA depth

data. Several pieces of evidence suggest that these features corre-

spond to transverse sand waves on the bottom. One is a study by

Uchupi (1968) indicating the existence of transverse sand waves in

this area with approximately the same orientation and spacing as the

SAR image features (see Figure 62). These features are oriented in

a direction normal to the mean tidal current, and are similar in

appearance to the sand waves in the English Channel (see Section

5.1).

To test this hypothesis, the raw depth data obtained from the

NOAA archives was re-examined in the area indicated by the box on

the right side of Figure 65. An alternate procedure was used in this

area to fill in the depth val ,'-s while preserving the spatiil resolu-

tion of the data. This procedure was to average the depth values

within a 3 x 3 pixel window, neglecting the pixels where no depth

sounding was present, and to enter this average value in the pixel

located at the center of the window. A gray map of the resulting

data set is shown in Figure 75. Gray maps of the corresponding

Seasat and Landsat data, also smoothed using a 3 x 3 window, are

shown in Figures 76 and 77. Two lines were selected from this area,

a; indicated on these gray maps, and the data values along those

lines were extracted and plotted in Figures 78 and 79. Figure 73

shows four distinct peaks in the Seasat and Landsat data which cor-

respond quite closely to the minimum depths along this line. Three

sinilar occurrences a--e shown in Figure 79. These featu-es hivo

iporoximately the same spacing and depth as the t-anverse sand wavws
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reported by Uchupi (1968). Since this area is quite distant from

the geometric ground control points used for registering the data,

the relative location of these features may be in error and no firm

conclusions can be drawn about the relative shifts between the image

and bottom features. However, the apparent correspondence between

the depths and the image features is strong evidence that those fea-

tures are indeed related to transverse sand waves on the bottom.

6.3.3 SKYLAB OBSERVATIONS

The data presented in the preceding section shows that the infor-

mation supplied by Seasat and Landsat over this area is essentially

equivalent, although the Seasat data provide a higher spatial reso-

lution. Data are presented in this section from one additional

source, namely the photography from the Skylab-3 mission in 1973.

Figure 80 shows two sequential frames taken over the Cape Cod area

on 12 September 1973, using the S-190A multispectral camera (0.5-0.6

Jim).

Many of the features observed on the Seasat and Landsat imagery

appear in the Skylab photography as well. These features are much

more distinct in the second frame of the sequence, where the viewing

angle for the Nantucket Shoals region is closer to the specular

direction for direct sunlight. This dependence on the look direction

would tend to suggest that the primary mechanism for the appearance

of these features, at least in the visible region of the spectrum,

is a modulation of the surface slope. This same mechanism may con-

tribute to the tonal variations in the Seasat imagery as well, al-

though modulation of the small-scale Bragg waves is probably the most

important factor in the SAR case (Shuchman, 1982).

In addition to indicating the probable mechanism for the appear-

3nce of bottom-related surface features in visible imagery, the

strong look-angle dependence observed in the Skylab photography also
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FIGURE 80. SEQUENCE OF TWO SKYLAB S-190A PHOTOGRAPHS OVER THE CAPE COD
* AREA. NOTE THE MORE DISTINCT APPEARANCE OF BOTTOM-RELATED

FEATURES IN THE SECOND PHOTOGRAPH.
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seems to imply that a favorable viewing geometry is required for

imaging these features with visible sensors. Scanning systems such

as Landsat view the scene along a fixed plane which moves with the

platform. The Skylab data indicate that this plane must be within

approximately 450 of the solar azimuth in order to image the fea-

tures. For the Landsat frame used in this study, the viewing azimuth

was approximately 1000 while the solar azimuth was 1200.

6.4 SUMMARY AND CONCLUSIONS OF THE MULTI-SENSOR ANALYSIS

A multi-sensor study was carried out using Seasat, Landsat, and

water depth data registered onto a common 50 x 50 meter geographic

grid system. The area selected for this study was the Nantucket

Shoals region, which shows numerous depth-related surface features

on both the Seasat and Landsat images. The features visible on the

Landsat imagery are apparently due to surface reflection, unlike some

areas where an actual bottom-reflected signal is present.

The results of the comparison between the Seasat and Landsat data

presented in this section indicate that for the particular data sets

examined: (I) bottom features larger than about 0.5 kin, such as

longitudinal sand waves, are imaged equally well by both sensors,

while (2) features smaller than about 0.5 kin, such as transverse sand

waves, are frequently resolved by Seasat but infrequently by Landsat.

iaqing of bottom features by Landsat via the current/bottom interac-

tion mechanism proLably requires a favorable viewing geometry rela-

tive to the sun in addition to favorable current and wind conditions.

9hotographs taken by Skylab indicate that the contrast of these fea-

tures varies strongly with the look direction, and that the solar

azimuth mist )e withi~i about 45' of the viewing azimuth in order to

image the features with a sensor operating in the visible region of

the soectrum.
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Statistical comparisons indicate that a high correlation (r =

0.8 - 0.9) exists between the water depth and the Seasat and Landsat

signals over distances on the order of a few kilometers if allowance

is made for a horizontal shift between the remote sensor data and

the water depth. The mean shift between the location of maximum

signal and the minimum depth is on the order of 200 meters, and the

rms shift is about twice this value. The observed shifts ary quite

similar for the Seasat and Landsat data, but arc iot consistent

Ul throughout the scene, as indicated by the large r.m.s. values as

compared to the mean values.

Although this study concentrated on the spatial relationships

(i.e., the relative position of features) among the data sets consid-

ered, it was also noted that the relationship between the peak signal

and the water depth is not uniform throughout the scene, for either

the Seasat or the Landsat data. This variability, as well as the

inconsistency in the positioning of the features, is probably a re-

sult nf differences in the current from point to point, and may also

indicate that more than one scattering mechanism is responsible for

the appearance of the bottom features (i.e., modulation of Bragg

waves may be the dominant mechanism in some areas, whereas wave

breaking nay occur in others). The conclusion seems to be that the

position of shallow water features can be determined within a half

of a kilometer from the Seasat (or, in some cases, Landsat) data,

* bit in order to posion the features more accurately or to determine

the depths quantitacively, a large scale-circulation model may have

to be used to determine the variation in the currents within the test

area.
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7
CONCLUSIONS AND RECOMMENDATIONS

This study has demonstrated the utility of the Seasat spaceborne

synthetic aperture radar (SAR) to detect submerged ocean features

that are potentially hazardous to ship navigation. Three research

activities were undertaken in this demonstration projeLt. They in-

cluded broad surveys, a multi-temporal study, and a multi-sensor

analysis.

The broad survey studies (Chapter 4) continued to document the

occurrence of surface patterns on SAR imagery that are related to a

)ttom topographic feature. The scope of these survey studies was

* xp×andeJ from the surveys performed in the previous effort

(Kasischke, et al., 1980) in two significant areas: first, deep-

w,iter test ;ites were examined: and second, several false alarms were

d(),-umented. For the survey studies, ERIM has examined approximately

:mne-fourth to one-third of the available Seasat SAR imagery. It

should be noted that the surveys to date identify anomalous SAR sig-

natures, and then a hydrographic chart is consulted to determine if

the SAR signature is related to a bottom feature. Thus, the present

analysis ioes not address the question of how many submerged hazards

the Seasit SAR did not successfully image.

To overcome this omission, the following analysis technique is

suggested. First, plot the relative ground track of Seasat SAR

imagery from all available passes over open water areas, and then

determine what significant bottom features are within the coverage

of those passes. Next, consult the SAR imagery to determine what

surface patterns exist on the SAR imagery that can be correlated to

a bottom feature. This will help develop an understanding of tile un-

conditional probability of detection for a specific bottom feature

on spaceborne SAR imagery. It is also recommended that other sources

of SAR imagery be reviewed, such as those cnllected by aircraft and

the Shuttle Imaging Radar (SIR-A).
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C" A multi-temporal study (Chapter 5) was carried out for three

geographical areas, including the English Channel, the Tongue of the

Ocean, and the northeast Atlantic Ocean (the JASIN test area). Two

significant observations resulted from this study. First, the un-

conditional probability of observing depth-related image featur-s in

these areas was evaluated simply by noting the number of images in

which these features occurred out of the total number of images ac-

quired. In the English Channel, very distinct depth-related fea-

U tures were observed in one out of four passes and recognizable fea-

tures were observed in two out of four passes. In the other two

cases, the features were very faint or nonexistent. The depth of

these features was on the order of 10 meters. At the southern end

of the Tongue of the Ocean, bottom features with depths on the order

of 3 meters were observed in 11 out of 12 passes. In the northeast

Atlantic, surface features were observed corresponding to bottom

features such as banks, submarine ridges, seamounts, and edges of

the continental shelf in 63 percent of the cases imaged. The depths

of these features ranged from 200-600 meters, in a surrounding depth

of 1000-2000 meters.

The second observation of the multi-temporal study was to begin

to understand the prerequisite SAR system imaging geometry and en-

vironmental conditions for the observation of these features. This

was (one by compiling a set of ancillary environmental data for each

* overpass and correl,.ting these conditions with the appearance of the

features. These data were interpreted by formulating a set of hypo-

theses regarding the hydrodynamic and electromagnetic interactions

responsible for the appearance of the features. In one instance,

* this process was carried through to the implementation of a quanti-

tative computer model which gives reasonably good agreement with the

observed backscatter variations.

The value of these results for the hydrographer is that they

* allow an estimate of the confidence with which the existence of a
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potent' I navigation hazard can be confirmed or dismissed on the

basis u one or more Seasat (or other SAR) images of the area in

question. Additional precision in this estimate can be obtained if

some knowledge of the environmental conditions is used in conjunction

with the results of the more detailed studies mentioned above. It

is therefore recommended that further studies of this type be carried

out in order to characterize both the unconditional probabilities of

detection of each type of bottom feature observed, and also to deter-

mine the dependence on environmental and SAR system parameters.

A multi-sensor study (Chapter 6) was also performed for the pur-

pose of comparing the information obtainable from various remote

* sensors over the Nantucket Shoals area. The sensors considered in

this study included the Seasat SAR, the Landsat multispectral scanner

(MSS), and Skylab photography. This study concluaed that for the

particular area considered, the data from these sensors were essen-

tially equivalent although differing in spatial resolution. This

equivalence is in part due to the fact that each of these sensors

was viewing essentially the same phenomenon, namely perturbations in

the surface roughness due to hydrodynamic interactions with the

bottom. It was further concludej that the observation of these

features with a Landsat-type sensor is restricted to favorable

viewing geometries, sun illumination, and cloud cover and may there-

fore be considered to be less reliable than SAR observations of these

0 features.

It should be noted that in other cases, water depth information

can be obtained from visible sensors through a different interaction

mechanism, for example, by direct reflection of light from the ocean
bottom. In these cases, information of a more complementary and less

redundant nature may be obtained from visible and microwave sensors.

It is therefore recommended that additional multi-sensor studies be

carried out in areas where bottom reflection effects predominate over
0surface reflection effects in the Landsat imagery. A prime candidate

for such a study would be the Tongue of the Ocean region where sur-

face effects have been observed in Seasat imagery, and whpre hottom
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r flection effects are expected to be larger than surface effects in

* the Landsat imagery due to the clarity of the water and the less
favorable viewing geometry for observation of surface effects.

* The emphasis in our research to date has been on the positional

information available from SAR data. It is also possible that when
the interaction mechanisms for the appearance of depth-related fea-
tures in SAR imagery are better understood, quantitative relation-

ships between the SAR signal and the water depth may be developed.
In order to begin this development, it is recommended that a detailed

comparison be made between the SAR signal anG the water depth in an
area where accurate depths are available.

* In summuary, our recommendations for further research are as
follows:

1. Survey all available SIR-A L-band and APD-10 X-band imagery,
and complete the survey of existing Seasat V-band SAP imagery

of deep- and shallow-water areas to document the spatial and

temporal distribution of SAR surface signatures from all
three data sets which may be related to bottom hypsographic
features.

2. Full~y document a subset )f the cases studied above by comipi 1-

iog an ancillary data set of meteorological, tidal, current,

sea state and wave information for the dates when the SAP

imagery being examined was collected.

3. Make detailed quantitative comparisons between water depths

and a radiomnetrically enhanced and geometrically corrected

digital SAP data set for a suitable test site, in order to

* determine whether a statist'cally significant relationship

exists between radar backscatL,2r and water depth.

4. tisinq the multiple Seasat SAP passes of the Tongue of the

Ocean, combine this SAP data with Landsat MSS and other NASA
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remote sensor data (if available) to see if the multiple data

sets are complementary in providing bathymetric information

in an area where bottom reflection effects predominate in

the visible region of the spectrum.

5. Continue to provide a first order description of the hydro-

graphic applications and limitations of using SAR data

through the use of specific case studies and false alarm

examples.

1
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APPENDIX A
EXAMPLES OF SURFACE PATTERNS ON SAR IMAGERY

Z

In order for SAR data to be effectively used in updating hydro-

graphic charts, the SAR image interpreter must be able to distinguish

between bottom-related SAR signatures and those caused by other

oceanic or meteorologic phenomena. The image interpreter also needs

to have an understanding of the reliability of the SAR data in re-

spect to detecting submerged hazards. In other words, how many times

will a SAR signature be considered to be bottom-related when it is

in actuality an oceanographic feature unrelated to bathymetry (i.e.,

determination of a "false-alarm" rate).

The Seasat SAR operates at a radar wavelength (23.5 cm) which

does not significantly penetrate the water surface (Hollinger, 1973).

Thus, the subsurface-related patterns recorded on SAR data are the

result of surface perturbations which are caused by a hydrodynamic

intera-tion between a variety of oceanic processes (currents, waves,

and tides,), climatic processes (wind and rain), bottom features

(topographic irregularities), man-made phenomena (ships and buoys),

and the surface gravity ocean wave field and particularly the Bragg

ocean waves. The question arises as to whether the motion resulting

at the ocean surface from each of these oceanic processes generates

a unique signature observable with SAR.

4Image examinations have revealed SAR's ability to observe a vari-

ety of microscale, macroscale, and mesoscale ocean features. These

features include gravity waves, ocean and coastal currents, long-

period waves, internal waves, frontal boundaries, surface winds,

storms cells, surf zone conditions. oil slicks, kelp beds, ship wakes

and sea ice. While we will present examples of many of these phenom-

ena in the following pages, a discussion of why they appear on SAR

imagery is beyond the scope of this report. For this information,

the reader is referred to reports by Shuchman, et al. (1981a), Fu and

Holt (1982), or Beal, et al. (1981).
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Presented in the next several pages are examples of SAR-observed

signatures that are a result of oceanographic phenomena not directly

Kcontrolled by the local bathymetry. Examples will be presented of
deep-water gravity waves, coastal and ocean currents, cold and warm
water masses, surface related wind patterns, meteorological rain

squalls, ship wakes, oil slicks, and kelp beds. These types of sur-

face phenomena generate unique SAR signatures which need to be recog-

nized by SAR interpreters as non-bathymetry related SAR patterns.

A gravity wave field imaged by Seasat during Rev. 1049 (8

September 1978) is presented in Figure Al. The islands in this image

FSt. Kilda (bottom) and Boreray (center)l are located 25 kilometers

west of the coast of Scotland. During this revolution, surface wave

measurements made 250 kilometers away indicated the presence of a

swell with a dominant wavelength of 244 meters, significant wave
height (H 113) of 5.0 meters, and a direction of propagation of
84'(T). Fast Fourier transform analysis of the SAR data results in
a dominant wavelength of 300 meters and direction of propagation of
80'MT (Kasischke, et al., 1981). These waves are clearly visible
on the SAR image and are observed to diffract as they pass the
islands.

The presence of ocean and coastal currents is a necessary con-
dition for the appearance of certain depth-related features in SAR

imaaer ' . However, ocean or coastal currents may also cause image

features which are unrelated to depth. Figure A2 is a JPL-digitally

processed SAR image from Rev. 974 collected on 3 September 1978 off
the coast of Cape Hatteras, North Carolina. Comparisons oil the re-

ported position of the Gulf Stream with this image have led re-
searchers to believe that the striated patterns (see letter C) in

thin right-hand side of the image are the Gulf Stream (Kasischke.
et al., 1981). Figure A3 is an ERIM optical ly-processed image cal-

1-cted by Seasat during Rev. 150 (July 1978) over the mouth of the
Columbia River in Oregon. The Cnlumbia River has a velocity between

2-3 m/s and its discharge into the Pacific is clearly visible on the

SAR imnaae.
182
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"- RADAR LOOK DIRECTlON

- -25 km --- ~

FIGURE A2. NORTHERN EDGE OF THE GULF STREAM BOUNDARY (LETTER C) OBSERVED
ON SEASAT REV. 974, 3 SEPTEMBER 1978. (image generated from
JPL digitally processed data.)
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Figure A4 is a JPL-digitally processed SAR image collected during

Rev. 880 (27 August, 1978) over Nantucket Island. Although this

image has been extensively analyzed for bottom features (see Chapter

6 of this report), it also contains two examples of ocean frontal

boundaries. Valenzuela (1981) determined that at the time Seasat

made its overpass, a cold water mass originating from the Labrador

current existed off Nantucket Island. This cold water mass had a

temperature of approximately 130C while the warmer surrounding shelf

water had a temperature of approximately 150C. The position of this

cold water coincides with the dark central region of Figure A4 as is

indicated by the letter A. The colder water is darker in this image

because the stable atmospheric temperature (i.e., warmer air tem-

*perature than the water) profile causes less turbulence and hence a

smoother surface. The boundary region between the warm and cold

water body also exhibits a sinusoidal shape typical of frontal boun-

daries (see areas labeled "B" on Figure A4).

Wind speeds of less than 1-2 m/sec are usually not of sufficient

strength to generate the capillary/ultra-gravity waves necessary to

reflect radar energy from the water surface. Thus, low wind con-

ditions will be represented by dark areas on the radar imagery. Fig-

ure A5 is a JPL-,gqitally processed image of Seasat data collected

during Rev. 1339 (28 September 1978) representing an area located

southeast of the entrance of Chesapeake Bay. Wind magnitude measure-

ments over the area of dark return indicate wind speeds of less than

1 m/sec (Beal, et al., 1981). The long, straight features marked by

an "A" in Figure A5, are believed to be surface manifestations of

Eckman spirals (Mollo-Christensen, 1981).

Because of the dependence of radar backscatter from a water sur-

face on wind speed, atmospheric disturbances such as rain squalls

show up particularly well on SAR imagery of open-water areas. Figure

53 (presented in the main tex') is a JPL-optically processed Seasat

i SAR image collected during Rev. 1368 (30 September 1978) over the

186
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j - -25 km-

I"

RADAR LOOK DIRECTION -

FIGURE A4. OCEANIC FEATURES OBSERVED OFF OF NANTUCKET ISLAND,
MASSACHUSETTS ON SEASAT REV. 880, 27 AUGUST 1978.
(Image generated fromi JPL digitally processed data.)
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0/P/

RADAR LOOK DIRECTION -

FIGURE A5. EXAMPLE OF WIND PATTERN AND EKMAN SPIRALS ON SEASAT
SAR IMAGERY. (Rev. 1334. Image generated from JPL
digitally processed data.)
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southern edge of the Tongue of the Ocean. This area is believed to

be dominated by localized rain-squalls (e.g., "A" on Figure 53),

which have higher winds than the areas immediately adjacent to them

(e.g., "B" on Figure 53). Characteristic to these rain squalls are

areas of extremely heavy precipitation rates ("C" in Figure 53),

which are characterized by their extremely low radar returns. These

low radar returns are believed to be due to attenuation of the L-band

microwave radiation by the heavy precipitation.

Rain squall patterns are quite common on Seasat SAR imagery.

Figure A6 is a JPL-optically processed Seasat SAR image collected

during Rev. 694 (14 August 1978) approximately 350 kilometers south-

east of the coast of Georgia over the Atlantic Ocean. The patterns

in this image are quite similar to those on Figure 53.

Figure A7 illustrates examples of ships and their wakes which

were present on Seasat SAR imagery. The upper image on Figure A7

was collected during Rev. 651 (11 August 1978) off the coast of

Florida while the middle image was collected during Rev. 617 (9

August 1978) off the coast of California. Ships which are large

enough to produce wakes detectable on Seasat SAR imagery are usually

large enough to be seen as point targets (i.e., bright point re-

turns). The V-shaped, Kelvin wakes of ships are quite distinguish-

able, as can be seen in the upper image on Figure A7. However, quite

often only one side of the Kelvin wakes is clearly visible on SAR

image, as is illustrated by the Rev. 651 image. These one-sided

Kelvin wakes are easily identified because they are usually asso-

ciated with the bright return from the ship and also because they

are very straight.

Figure A7 (lowest image) also presents a Seasat SAR image of an

oil slick generated by a ship. This image was produced from Seasat

SAR data collected during Rev. 737 (11 June 1978). Oil slicks are

characterized on SAR imagery by extremely low return and are of

limited areal extent.
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p °

~REV. 617
i" 25 km

L%

REV. 651

REV. 737

$0 SPACECRAFT FLIGHT DIRECTION

FIGURE A7. EXAMPLES OF SURFACE PATTERNS CAUSED BY SHIP WAKES
AND OIL SLICKS
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Figure A8 is an image generated from data collected by a UPD-4

X-band SAR system of kelp beds off Point Loma in San Diego. The

UPD-4 is a high-resolution airborne side-looking reconnaissance SAR

transmitting 3.2 cm wavelength energy. The UPD-4 SAR data are re-

corded on 9.5-inch film in four sub-swaths where each sub-swath is

nominally 4.6 km (2.5 nmi) in width with an additional 0.46 km (0.25

nmi) overlap between adjacent channels. The nominal resolution of

these data is 3 meters and the nominal incident angle was approxi-

mately 500. The data presented in Figure A8 were collected on 17

August 1981. The area of bright return on this image corresponds to

the position of a kelp bed. Kelp generally lays 1.5 to 2.0 cm in

height above the ocean surface (Jensen, et al., 1980). Kelp there-

fore appears "rougher" than the surrounding water to an X-band (3.2

cm) SAR system. Jensen, et al. (1980) reported that on Seasat

imagery, kelp beds appeared darker than the surrounding water. To

the L-band SAR, the kelp beds appeared smoother than the surrounding

water surface due to suppression of the small-scale surface waves.
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APPENDIX B

SAR DETECTION OF NAVIGATION

BUOYS AND SHIPWRECKS
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APPENDIX B
SAR DETECTION OF NAVIGATION BUOYS AND SHIPWRECKS

Seasat JAR imagery of the portion of the Southern Bight of the

North Sea imaged during Rev. 762 (19 August 1978) was used in this

investigation (see Figure 39). This area contains many navigation

buoys and shipwrecks, and because these Seasat SAR data have been

intensively studied in past investigations (see Kasischke, et al.,

1980: Kenyon, 1981: Shuchman, 1982) and during the present one (see

Section 5.1), sufficient ancillary data for the area, such as tidal

current information, exists. For this study, Seasat SAR imagery

digitally processed at JPL and geometrically and radiometrically

corrected at ERIM (see Appendix C) was used.

Becaujse of the qreat number of buoys and shipwrecks located in

the section of the Southern Bight of the North Sea covered by Seasat,

a sample of 32 buoys and 91 wrecks were selected from this area from

DMA Chart No. 37140, "Thames River Estuary and Approaches." The

lcations of the buoys and wrecks, obtained from the DMA chart, were

marked onto a clear-cell overlay which was then placed over the

Spisat SAR image. This composite was examined to determine if any

surface anomaly existed at or near the positions of the buoys and

wrecks.

In their kev to chart symbols, the DMA lists over 70 types of

* navigation buoys and 8 classes of shipwrecks (Department of Defense

and 5epartment of Commerce, 19791. For the purposes of this study.

we have grouped all the buoys into one category and defined three

catpnories of shipwrecks, as follows:

Buoys: Any buoy or floating beacon used to mark naviqation

channels or hazards. Included in this category are ship-

wrecks marked by buoys.
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Shipwreck I: Exposed shipwrecks which are defined as wrecks

that show any portion of hull or superstructure

above water.

Shipwreck II: A submerged wreck whose depth is known and marked

on the chart.

Shipwreck III: A submerged wreck classified as dangerous to

surface navigation. Exact water depth over the

wreck is undetermined but known to be less than

20 meters (11 fathoms).

It is recognized that locating buoy positions via a navigation

chart is not the most accurate method. Not only are buoys subject

to movement by environmental forces such as waves and currents, but

their positions can also be changed by the agencies responsible for

their maintenance and upkeep. However, to obtain more accurate in-

* formation would entail a time-consuming search of the records (if

they exist), and for this study, the charted locations of buoys were

assumed to be correct.

Three categories were used to classify the degree of detect-

ability of the buoys and shipwrecks on the Seasat SAR image. These

were:

None: No detectable surface wake was present on the SAR image

within 0.5 kilometers of the position of the buoy or

O wreck.

Possible: A wake-like signature, sometimes quite faint, was

present on the SAR image within 0.5 kilometers of the

position of the buoy or wreck.
I

Probable: A wake-like signature was present within 0.25 kilom-

eters of the position of the buoy or wreck.

The wake-like signatures produced by buoys and shipwrecks are

* less distinctive than those produced by moving ships, as can be seen

in Figures 21 and 22. This is due to several factors. First, the

speeds of the currents in the English Channel are much less than
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those of ships (one to two knots for the current versus ten knots or

more for ships). Second, the cross-section of a shipwreck or buoy

is considerably less than that of ships of the types usually visible

on Seasat SAR images. From Figure 21, we can clearly distinguish

the Kelvin (v-shaped) wake of the surface ship, along with the tur-

bulent wake behind the vessel. Note how the ship has been displaced

from its wake. This occurs because the ship's velocity causes a

shift in its signal histories, relative to the more stationary back-

ground on the SAR data. Figure 22 illustrates a more subtle wake-

like signature formed near the reported position of a buoy.

Three pieces of ancillary data were ohtained for each position.

These included water depth, current speed and current direction.

The water depth for each position was obtained from one of three DMA

charts: No. 37140 ("Thames Estuary and Approaches"): No. 37122

("South Foreland to South Falls Head"), or No. 37125 ("Approaches to

Dunkerque").

The tidal current speed and direction were obtained from one of

two sources. The first source was the tidal current tables on each

of the above three charts. These tables list current speed and

directions for marked chart positions for each hour before and after

high tide. The second source of information was the "Admiralty Tidal

Stream Atlas." Specifically, the atlases used were: NP249: Thames

Estuary: NP 233: Dover Strait: and NP 251: North Sea-Southern por-

* tion. These atlases present hour-by-hour (relative to high tide)

tidal current charts for the specified area. To obtain current speed

and direction values for most positions, it was necessary to inter-

polite between the data points given on the tables or charts.
0

Table Bl summarizes the detection categories for each buoy or

shipwreck type. It is clear that the rate of detection is not high

for either the buoys or the shipwrecks in this area; only 16 percent

of the positions examined result in a positive detection (i.e., pos-

sible or probable).

199



I. Y RADAR AND OPTICS DIVISION

TABLE Bi
RATES OF DETECTION OF BUOYS AND SHIPWRECKS ON SEASAT

SAR IMAGERY (REV. 762, 19 AUGUST 1978)

- - - DetectionCtery___

Buoy or Shipwreck None -Possible Probable

Category Number Percent Number Percent Number Percent

Buoys (32) 26 82 3 9 3 9

Emerged Wrecks (3) 2 67 0 0 1 33

Submerged Wrecks
1 (81) 68 84 11 14 2 2

Submerged Wrecks
11 (7) 7 100 0 0 0 0

Total (123) 103 84 14 11 6 5
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Even with these low detection rates which could very well be a

result of poor chart information trends can be observed in the data.

Figure Bi plots the average current speed versus detection category

for all positions combined and for the Buoy category and Shipwreck

II category alone. From this figure, it can be seen that the average

current speed is highest in the probable category and lowest in the

none category. Figure Bl also shows a plot of average water depth

versus detection categories for the Shipwreck II category. Here,

the shallowest average water depth occurs for the probable category,

and the deepest average water depth for the none category.

Although the Seasat SAR had a relatively low detection rate for

shipwrecks and buoys in the English Channel, it is difficult to draw

any definitive conclusion from the analysis of this data because it

is unknown at this time what types of shipwrecks and classes of buoys

are being examined. In order to do a more definitive analysis, it

is necessary to know the exact position of the buoys and also what

types nf buoys are being used. The type of buoy will definitely in-

fluence the nature of both the SAR reflection from the buoy itself

3nd the size of the wake the buoy is generating.

It is also necessary to more clearly determine the types and ex-

tents of the shipwrecks being examined. For example, a submerged

shipwreck can be anything from the wreck of a fifty foot wooded ves-

sel which is covered by sand to a 200 foot ship which is not covered.

A clearer identification of the shipwrecks being examined should lead

to a better understanding of SAR's ability to detect them.
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APPENDIX C

RADIOMETRIC AND GEOMETRIC CORRECTIONS

OF DIGITAL SAR DATA

203

0



p+.-.

,.RIM RADAR AND OPTICS DIVISION

APPENDIX C
RADIOMETRIC AND GEOMETRIC CORRECTIONS OF DIGITAL SAR DATA

In order to perform a more detailed analyses than was possible

with photographic imagery alone, digitally processed Seasat data were

obtained for two areas: the English Channel (Revolution 762) and

the Nantucket Shoals (Revolution 880). One of the principal advant-

* ages of using digital data is that corrections can be made for the

radiometric and geometric distortions which are inherent in all SAR

data. These distortions and the methods used for removing them are

described in this appendix.

IW C.l RADIOMETRIC CORRECTIONS

* .. The SAR image brightness at a given scene location is related to

the physical characteristics of the surface (mainly the surface

*roughness and slope), but this relationship may vary from point to

point duE to system effects and to the inherent angular dependence

of the radar cross section. The origin of these radiometric dis-

to-tions is discussed in Section C.l.l, and their removal is de-

scrihed in Section C.l.2.

C.l.l SOURCES OF RADIOMETRIC DISTORTIONS

The SAR image brightness is proportional to the power recorded

* per resolution cell. For a distributed scene with backscatter cross

section , per unit area, the power received per resolution cell

is qiven by

•P r= C 3 orl
C-l)

r R3 tan e

where R is the ranqe, e is the incidence agle, G 2(e) is the two-

way antenna gain, and C is the product of all the system parameters

which are independent of R and e. For Seasat, the ranqe of R and e
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is sufficiently small that the primary variability in P for a given

n is due to the antenna gain pattern G2 (e). In order to reduce

.. the variability in the recorded signal, the received signal was modi-
fied by a sensitivity time control (STC) before recording. However,

because of timing errors, the STC did not completely cancel the

effect of the antenna gain pattern and a strong range dependence re-

mains in the recorded Seasat signal (Shuchman, et al., 1980).

Even if a perfect compensation could be made for the antenna

gain, power loss (R3), and tan e dependences, the recorded signal

for a physically uniform scene would still depend on the incidence

anqle because of the inherent variability of f, with e. The Bragg

scattering model predicts that the cros&-section varies approximately
4as cos e, neglecting the angular dependence of the Fresnel re-

flection coefficients, for a surface having a constant small-scale

--oughn--cs and no large-scale slope. Variations in the large-scale

slope modify this angular dependence somewhat (Valenzuela, 1978),

specialty in the Seasat range of incidence angles (9 = 20').

For the present application, it is desirable to display the image

as, a constant hriqhtness for a constant surface roughness, rather

than for a constant radar cross section. In view of the difficulty

1)f calculatinq the angular dependence of the cross section and the

sYstem effects, an empirical procedure was used to normalize the

,nane hriqhtness. This procedure is described in the followinq

*,-t inn.

C.1.1 FMPIRICAL RADIOMETRIC CORRECTION

An empirical radiometric correction was made for both the Nan-

tucket (Revolution 880) and English Channel (Revolution 762) digital

data sets. For a detailed discussion of this technique, the reader

is ,-ferr,i to Walker and Larson (1981). This correction was made

v idpntifyinq areas having the same surface state at various ranqe
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locations in the image. The average signal was computed for each

area and plotted versus range, and a smooth curve was fitted through

these points. The multiplicative correction factor for range sample

i was then obtained by dividing the maximum value on this curve by

the value at range sample i: i.e.

Smax
Ci  , for i 1 . . . N (C-2)

U where Si is the value of the smoothed curves at range sample i and

S is the maximum value. The corrected data value for thismax
range sample is then

V : V (C-3)

where Vi is the uncorrected data value. In applying this correc-

tion, the assumption was made that each sample in a given data record

is at the same range. This is not exactly true, since a range offset

is applied by JPL to correct for earth rotation effects (Wu, et al.,

1981). However, the variation in range within a given data record

is relatively small, and is not expected to introduce a significant

error in the radiometric correction process.

Plots of the radiometric correction factors for the English

Channel and Nantucket Shoals data sets are shown in Figures Cl and

C2. These plots indicate the reciprocal of the correction factors

. defined above. i.e., S iSmax -

C.2 GEOMETRIC CORRECTIONS

The location of each object within a SAR image is determined by
0 its range distance and its Doppler history. Consequently, the rela-

tive positions of objects in the image may not correspond exactly to

their actual positions on the surface of the earth. These distor-

tions are discussed in the following section, and a first-order geo-
0 metric correction scheme is described in Section C.2.2.
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FIGURE C2. EMPIRICAL RADIOMETRIC CORRECTION FACTORS FOR ENGLISH CHANNEL
SEASAI* (REV. 762) DATA SET.
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C.2.1 SOURCES OF GEOMETRIC DISTORTIONS

There are many possible sources of geometric distortion in a SAR

image, including variations in the elevation and radial velocity of

objects in the scene and the slant/ground range nonlinearity. Eleva-

tion differences cause an apparent displacement in the across-track

direction, while radial velocity variations cause a displacement of

the object in the along-track direction. The effects of elevation

qand velocity variations may be neglected in Seasat images of the

ocean surface, except for the systematic variation in radial velocity

caused by the earth's rotation, which is corrected during the digital

correlation (Wu, et al., 1981). The largest source of geometric

distortion in Seasat images of the ocean is due to the slant/ground

range nonlinearity. This distortion arises because the data are

sampled in equal intervals of slant range. The ground range distance

between samples thus varies throughout the image, being larger at

near range and smaller at far range.

The relationship between the slant range and ground range is

illustrated in Figure C3. The slant range (R) is the distance from

the spacecraft to the target, while the ground range (X) is the arc

lpngth between the sub-satellite point and the target, i.e., the

product of the angle a and the earth's radius (Re). Using the law

of cosines, the following relationship can be easily established:

R 2 +R (, + A) 2 R2

cos X e (C-4)

where A is the spacecraft altitude. Differentiating this equation

with respect to X, the qround range distance between pixels is given

by

Re R

6x = e A R (C-5)
2 sin
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FIGURE C3. SEASAT SAR VIEWING GEOMETRY. (Equation in text
is obtained by applying the law of cosines to
the triangle with sides Re, Re + A, and R.)
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where 6R is the range distance between pixels and e is the incidence

angle. For Seasat, the incidence angle ranges from approximately

19' to 250. The range sampling rate of 45.53 MHz results in a pixel

spacing of 6.59 meters in slant range. Thus, the pixel spacing in

ground range varies f-om approximately 18 meters at near range to 14

meters at far range.

The pixel spacing in the along-track or azimuth direction is

.. determined by the swath velocity (V) and the pulse repetition fre-

quency (PRF). The use of four independent looks in processing the

data results in a pixel spacing of

SVy = (C-6)
-l T-

which is typically on the order of 16 meters (for a swath velocity

of 6700 m/sec and a PRF of 1647 Hz). Thus, the average aspect ratio

of the uncorrected image is approximately correct but the image is

significantly compressed at near range and expanded at far range, in

the range direction. A method of correcting for this distortion is

described in the following section.

It should be noted that the skew correction for earth rotation

effects is done (at JPL) by applying an offset to the range coordi-

nate which varies linearly with the along-track coordinate. Typi-

cally, the range coordinate is shifted by one pixel for every 16

azimuth samples, resulting in a step edge along the edge of the

image. As a result of this correction, the pixels within a given

data record are not at a constant range. This offset is ignored for

the purpose of the first-order geometric correction described in the

following section, hut is taken into account in the registration

procedure described in Chapter 5 of this report.

C.2.2 SLANT/GROUND RANGE CORRECTION

* In order to facilitate the interpretation of the imagery, a

first-order slant/ground range correction was applied to the JPL-

processed Seasat data. This correction is done using a nearest
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neighbor resampling procedure in the range direction to make the

aspect ratio equal to unity throughout the image. That is, the

ground distance between range samples is made equal to the distance

between azimuth samples as calculated from the swath velocity and the

PRF. Since each data record is at approximately the same range in

the JPL data, this procedure results in the repetition of some re-

cords at near range and the omission of some records at far range.

* In slightly more detail, the procedure is as follows:

1. The first data record is read and copied. The ground range

for this record is computed from the equation

[ + (R + A)2R2] R A
X = R cos e+A/e ' (C-7)

where X is the ground range, R is the slant range, Re is the
radius of the earth, and A is the spacecraft altitude. The approxi-

mation used in this equation is obtained by assuming sin a = a, where

a is the angle indicated in Figure C3. The slant range for the first

data record, the local earth radius, and the spacecraft altitude are

obtained from the Auxiliary Data Listing for the data set under

consideration.

2. This equation is inverted to yield the slant range

R = VA+ X(l + A/Re) (C-8)

corresponding to the ground range X1 = Xo + AX, where X

is the ground range for the previous pixel and AX is the de-

sired ground range between pixels, which is equal to

AX 4 x swath velocity (C-9)PRF
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3. The range record nearest to R is read from the input tape

and copied onto the output tape. If R differs from the

* [range for the previous record by less than 3.3 meters, the

previous record is repeated. If R1 is more than 9.9 meters

away from the previous record, at least one record is skipped

over and the next record is copied. The slant range corre-

sponding to input record n is given by

Rn = Rmin + 6.585n meters

for JPL-processed Seasat data, which is sampled at 45.53 MHz.

4. The process is repeated, beginning with step (2), until the

last range record is encountered.

The above geometric correction procedure and the previously de-

scribed radiometric correction procedure are used on both the Nan-

tucket Shoals data set (Revolution 880) and the English Channel data

set (Revolution 762). The geometrically and radiometrically cor-

rected images for these two data sets are shown in Figures C4 and C5.

2
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FIGURE C4. RADIOMETRICALLY AND GEOMETRICALLY CORRECTED IMAGES
* FOR SEASAT DATA FROM REV. 762 OVER THE ENGLISH

CHANNEL.
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FIGURE C5. RADIOMETRICALLY AND GEOMETRICALLY CORRECTED
IMAGE FOR SEASAT DATA FROM REV. 880 OVER
THE NANTUCKET SHOALS.
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